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Abstract

Passive turbulent separation control methods are often associated with additional parasitic drag. Kirigami
metasurfaces provide potential for a deployable device that exhibits out-of-plane deformation upon in-
plane extension, resulting a full 3D geometry. Following a literature survey, it was found that the use of
kirigami in flow control is not widely studied, and requires further attention. The present thesis investi-
gates the structural design requirements of a kirigami flow control device, and explores its effectiveness
as a turbulent separation control device on a wind turbine airfoil in a wind tunnel.

The kirigami was designed using a FEM model, which was validated using laser scans of a vinyl-cut
kirigami model. A strong agreement was found between the FEM and the laser scans in the deployment
height of the kirigami under various in-plane extensions. In accordance with findings from literature, this
also highlighted non-uniformity effects in the kirigami. These were alleviated using rounded rectangular
cut-outs in the strips on each end of the kirigami device. A final kirigami design was formulated for the
wind tunnel set-up with a deployment height of 1.4mm, matching the height scale of sub-BL-scale vor-
tex generators (h/6 = 0.1 — 0.3). When deployed, the kirigami design covers the airfoil from x /¢ = 0.55
to 0.7. Two devices were tested using these parameters: one with a circular reference shape and one
with a triangular reference shape.

The kirigami was tested on a 2D wing with a DU96 airfoil in an open-jet wind tunnel. The airfoil was
varied from 6 to 20 degrees in steps of 2, each setting measured at freestream velocities from 10m/s
to 30m/s in steps of 5. The flow characteristics of the trailing-edge separation region were measured
using 2D planar PIV, measured on the centreline of the 2D wing, along with pressure probes spaced
along the chord on the wing surface. The experiment revealed that the effect of the kirigami device on
the separation region strongly depends on angle of attack. At low angles (6-10°), kirigami aggravated
separation, leading to both increased reverse flow intensity as well as an increased size of the sepa-
ration region. At 12 and 14°, the kirigami was successful in reducing separation, leading to reduced
reverse flow, a smaller separation region, as well as reduced backflow. At higher angles of attack, the
kirigami was fully submerged in the separation region (/6 = 0.05), and its effects on the flow vanished.
The data of the separation controlled cases were indicative of significant reductions in drag, with the
relative momentum deficit in the wake being reduced by up to 7%. The lift remained unaffected as no
significant modifications to the pressure distribution were observed under the influence of the kirigami.

Observation of data concluded that the kirigami does not enhance mixing in the boundary layer, so the
device does not function as a vortex generator. Instead, it was theorised that the kirigami functions as
a blockage for the flow near the surface, leading to local favourable pressure gradients. An alternative
theory was that the kirigami could function using a 'roller-bearing’ flow effect that eliminates the zero-slip
boundary condition on the flow over the kirigami. However, no evidence was found for either of these
theories. Instead, a more plausible theory is that the kirigami functions as a reistance to the backflow
near the surface, leading to reduced momentum transfer upstream.
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Introduction

Flow separation is one of the most fundamental themes in the field of aerodynamics. This viscous phe-
nomenon’s effects on a flow regime are drastic, and the presence of flow separation in the physical
world is near enough universal. First properly studied in the 20th century, [1] this phenomenon plays a
crucial, yet typically undesirable, role in modern technology. Flow separation phenomena pose a lim-
itation in the upscaling of wind energy for the energy transition [2]. It is also the physical mechanism
behind the majority of cases of in-flight loss of control (LOC-I), which is by far the leading cause of fatal
accidents in general aviation [3]. However, its relevance also goes back to ancient technology and daily
life objects: flow separation is, for example, instrumental in the functioning of a teapot spout [4].

Figure 1.1: Flow separation in action: streamlines stop following the surface and break away (Photo by DLR, 1915)!

In aircraft design, flow separation limits the lift over an airplane wing, which in turn drives performance
parameters such as maximum take-off weight, controllability and general safety. An example of what
flow separation looks like over an aircraft wing is shown in Figure 1.1'. In the automotive industry,
minimising flow separation is instrumental in reducing drag and/or increasing downforce. [5]. Drag on
road vehicles directly impacts fuel economy [6], which further illustrates how intrinsic yet constricting
the concept of flow separation is in design problems. It is therefore only natural that extensive research
efforts have been, and are still being put towards controlling and delaying flow separation.

The most classic example of separation control, in the form of vortex generators, was fashioned just
after world war Il by Taylor [7], who showed that flow separation in diffusers can be reduced by applying
vortex generators. Further applications include delaying separation to enhance aircraft wing lift, adapt
flow properties to manage wing-buffet, and reduce afterbody drag of aircraft fuselages [8]. Figure 1.22

Thttps://upload.wikimedia.org/wikipedia/commons/f/f2/1915ca_abger_fluegel_%28cropped_and_mirrored%29.jpg
2https://www.aopa.org/news-and-media/all-news/2017/august/flight-training-magazine/vortex-generators
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shows an example of these vortex generators on an aircraft wing. The drawback of vortex generators is
that they generate additional parasitic drag. Furthermore, vortices break down after time into complex
flow structures [9]. As a consequence, such devices are not universally applicable in flows involving
separation, but are instead the subject of broader trade-offs in the product’'s performance during the
design phase.

Figure 1.2: Vortex generators on the leading edge of an aircraft wing?

To mitigate this issue, a deployable variation of separation control might be preferable. As an applica-
tion in aircraft design, for example, this would allow the pilot or aircraft control systems to extend and
retract the vortex generators on the wing, such that these devices are only active during critical phases
of flight (take-off and landing), or to generally combat stall. Relevant research campaigns have already
occurred to this end [10], but generally come with major drawbacks involving the actuation of these
devices in the form of technical complexity, weight and structural compromise.

This issue might be tackled by using tension-activated kirigami metasurfaces. This novel concept in-
volves applying a tension load to a 2D sheet with specifically defined slots cut out, so as to create
out-of-plane deformations, resulting in a full 3D geometry. These devices provide a particularly appeal-
ing opportunity for flow control due to the significantly simplified actuation mechanism. At first glance,
one might immediately see the resemblance between this geometry and shark scales, or an array of
vortex generators. In fact, several scientific studies have already been done in the field of kirigami-
based flow control. However, the coverage of these studies is limited, and significant knowledge gaps
need to be bridged before these can be applied in practice. The present research aims to contribute to
this field and lay the groundwork for further studies in kirigami separation control.

This thesis will set out to investigate how effective a specific type of tension activated kirigami sheet
is at statically controlling the flow separation on a lifting surface from a flow physics perspective. This
will be done by designing an experiment based on the identification of knowledge gaps in a literature
study. This literature study is done in chapter 2. This is followed by a research plan in chapter 3 based
on the literature findings from the preceding chapter. Then, a chapter follows on the structural design
of kirigami devices for flow control in chapter 4. The actual aerodynamic experiment is set-up and
discussed in chapter 5. The conclusions to the research can be found in the final chapter, chapter 6.



Background

Origami (#1 Y 4K) is the art of paper folding. The word comes from the Japanese Ori, meaning folding,
and Kami (paper). Although it is famously a Japanese tradition, its origin dates back to 7th century
China. A more versatile variation of Origami is kirigami (Y] ¥ 4t), which is the art of both cutting and
folding paper (kiri meaning "to cut”). Whereas Origami only allows folding of the sheet, kirigami also
involves cutting to create more complex geometry. Both techniques can be used to create artworks,
such as those in Figure 2.1a' and Figure 2.1b 2.

The use of kirigami in engineering is a relatively novel idea, with research papers only emerging in
the late 2000s. The geometric concept has since spread into a wide range of topics, including solar
power, optics, ventilation, novel structural applications and several more[11][12][13] [14][15][16]. How-
ever, kirigami is still a foreign concept within the field of aerodynamics. Before analysing how it might
be used in aerodynamics, an understanding of what kirigami encompasses and how it works is re-
quired. This chapter will present the necessary background on kirigami, including different types and
the structural mechanics behind it.

(a) Origami® (b) kirigami?

Figure 2.1: Examples of art in Origami and kirigami

2.1. Types of kirigami

In engineering research, parallels are often drawn between kirigami and meta-materials, in the sense
that they both exhibit structural/material properties that could otherwise not be found in nature. One
such property in particular that is of interest in aerodynamic control are geometric changes of a thin

Thttps://www.librarieshawaii.org/event/make-your-own-origami-cranes/
2https://mag.lexus.co.uk/kirigami-7-amazing-artworks-made-entirely-from-paper/
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sheet under load. These properties do not necessarily represent material properties, so in literature,
the term "Metasurface” is typically more common. Adapting these behaviours could be done in a way
that involves in-plane deformations [17], as shown in Figure 2.2. However, these have limited potential
in the context of turbulent separation control.
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Figure 2.2: Extension of various 2D kirigami patterns [17]

What is more interesting is the option for out-of-plane deformations in kirigami. This can be achieved
through buckling of elements in the surface created by staggered cut patterns. By using a slit-pattern,
the individual elements buckle and rotate to form arch patterns under in-plane tension, as shown in
Figure 2.3. With additional cuts, these can be fully extended to turn the sheet into a honeycomb structure
[18]. These patterns are more interesting for aerodynamic flow control. Gamble et al. [19] have already
attempted to use this slit pattern to control flow over an airfoil with limited results.
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Figure 2.3: Linear cut/slit pattern kirigami [18]

Certain symmetric thin shapes can also result in out-of-plane deformations under load. Triangular cut
patterns, trapezoids or arcs result in more defined, scale-like protrusions under tension, as shown in
Figure 2.4. This mechanism has been studied under various applications in science, such as actuated
crawl and shoe grips [20] [21]. This geometry has also been researched as flow control for a shedding
cylinder [22].

linear triangular circular trapezoidal
5 5 5. P
Y )G, X4 8,
5, 0 /- K /_\J_n\

Circular

1cm 1cm 1cm

|

1

Figure 2.4: Symmetric kirigami cut patterns [20]

2.2. Structural mechanics of kirigami

The structural mechanics of kirigami metasurfaces is quite complex, and involves non-linear structural
effects. However, Amin [23] provides a simplified explanation based on linear mechanics.

Figure 2.5 shows the stress distribution around a linear slit discontinuity in a thin sheet [24]. Right next
to the discontinuity, strong compression stresses are found. Amin models the kirigami surface right next
to the discontinuity as a thin beam in compression, and shows that a thin structure such as this is far
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more likely to buckle under compression than to display linear compression [23]. The reason given for
this is that the bending energy for a thin structure under compression is much lower than the stretching
energy.

_ L | A
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E - *‘r - . . - ——
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Figure 2.5: Stress distribution around a slit discontinuity in a thin sheet [24]

Thus, the main structural mechanism that allows 3D kirigami elements to appear is transverse buckling
next to the material discontinuity due to transverse compressive stresses that emerge under sheet
tension. This mechanism relies on the assumption that the bending energy is much greater than the
stretching energy [23]. This requires the material to be thin, and that there are no other contributions
that affect the behaviour of the bending energy.

When properly designed, the out-of-plane deformation of kirigami elements is bistable, also known as
"snap-through” behaviour [25]. It is therefore not guaranteed that all kirigami elements pop out in the
same direction. This is an important aspect for the design of kirigami elements, as having a uniform
pop-up direction is necessary. Two methods to guarantee this is either to apply an initial load in the
desired direction [26], or through material imperfections or intentional asymmetries on one side of the
material [23] [27].

One noteworthy aspect of these kirigami devices is that they do not deploy completely uniformly, partic-
ularly near the start and end of the device. Figure 2.6 shows an undeployed triangular front appearing
at the top and bottom boundaries of the device. This has significance as, for aerodynamic applications,
deployment that approaches uniformity is more desirable.
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Figure 2.6: Deployed kirigami device showing the non-uniformity near the upper and lower boundaries [23]

The degree of out-of-plane deformation of the kirigami depends on the geometry of the cuts and the
degree of in-plane extension of the device. This is quantified by Amin in Figure 2.7 [23], using Digital
Image Correlation measurements. The displacement was normalised by the diagonal length of the
triangular cut shape.
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Figure 2.7: Non-dimensional Out-of-plane displacement of kirigami elements under relative in-plane extension for various cut
angles of a triangular kirigami device [23]

The effect of the cut angle v appears to determine the maximum deployment of the kirigami. This
deployment height is maximised at lower angles of around 20 to 30 degrees. Beyond this, the maximum
deployment drops off due to plastic deformation.

This deployment has also been modelled for flow control purposes using FEM, as shown in Figure 2.8
[22]. The only data that was available from this study was the deployment measured against in-plane
loads. The figure shows how out-of-plane deployment increases with element size. It also highlights
the effect that different cut shapes have on the stiffness of the deployment, with triangular being the
stiffest.
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Figure 2.8: Non-dimensional Out-of-plane displacement of kirigami elements under relative in-plane force a) for various cut
angles of a circular kirigami device, b) for different cut shapes[22]

2.3. Boundary Layers

In order to exercise control on flow separation, a fundamental understanding of the underlying physics is
a minimum requirement. This section will give a structured overview of the physics that drive separation,
and a description of different phenomena surrounding separation. The most important concept in the
context of separation is the boundary layer.

In essence, separation is an effect characterised as the flow near a surface ceasing to follow that sur-
face, and succeeded by a breaking away from it [28] [29]. Although reverse flow effects due to adverse
pressure gradients can also occur away from a surface (such as wake bursting [30]), separation is typi-
cally associated with near-surface flows. Separation on the surface cannot only occur under an adverse
pressure gradient, but also requires viscous surface flow interactions. This warrants a discussion on
the concept of boundary layers

2.3.1. Fundamental concept of a boundary layer

The boundary layer is characterised as a layer of viscous flow near a surface. Its properties were
described for the first time in 1904 [31]. To relate the influence of the viscosity to the total flow, the
Reynolds number is defined as shown in Equation 2.1. It is composed of a reference velocity U, a
reference length L, and the density p and dynamic viscosity p of the fluid, which can be combined into
one kinematic viscosity v.

inertial forces  pUL UL

e = — =
viscous forces 1 v

2.1)

The viscous flow is bounded at the wall with a zero slip and a tangential flow condition. This results
in a variable velocity gradient between the freestream and the surface. At large Reynolds numbers,
this gradient vanishes after just a small distance away from the wall. This thin viscous layer is what is
defined as the boundary layer. Examples of typical boundary layer profiles are shown in Figure 2.9.
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Figure 2.9: (Laminar) boundary layer profiles of a flow over a flat plate [32]

The existence of the boundary layer due to viscosity also results in shear stress due to friction on the
surface. An elementary law of fluid friction stress exists in the form of Equation 2.2 [32].

T=U— (2.2)

The wall shear stress is obtained by taking du/dy at the wall (y=0). The equation demonstrates a
proportional relation between the shear stress and the boundary layer velocity gradient.

2.3.2. Mathematical description of a boundary layer

A mathematical description can be found by analysing the continuity equation (conservation of mass),
momentum equation (conservation of momentum) and energy equation (conservation of energy). With
the assumption that the flow is incompressible (valid at low Mach numbers), the energy equation can be
decoupled from the velocity field. Furthermore, body forces are neglected. For boundary layer analysis,
the focus lies on the two equations shown in Equation 2.3 and Equation 2.4 [33].

V-U=0 (2.3)

U 2

P = Vp+ VU (2.4)
These equations hold true for general incompressible flows. To investigate how boundary layer prop-
erties relate to separation, one can make simplifications to the equations by applying further assump-
tions. The equations can be non-dimensionalised and simplified for 2D flows according the convention
in White [33], while ignoring temperature differences of the wall. This scaling is based on the fact that
the vertical terms (v and y) scale with the Reynolds number where other terms scale with unity [33].
This gives the new form of the equations, shown in Equation 2.5 and Equation 2.6 [33]. The non-

dimensionalisations are as follows: z* = ¥, y* = 4V Re, t = % u* = ¢, v" = 5V Reand p* = Zj;o.

ou* n ov*
dzr*  Oy*

=0 (2.5)

ou* L our L ou* op* 1 9% O*u

ot Yo TV 9y T 0x T Redw? | 0y (2.6)
This non-dimensionalisation reveals the dependency of the momentum viscous flows on the Reynolds
number. It also shows that the continuity equation is entirely scalable using reference values. As men-
tioned before, boundary layers are a direct result of very high Reynolds numbers. Using the assumption
Re — oo, and assuming a steady flow, several more terms vanish, and the momentum equations re-
duce to Equation 2.7 [33].

LOut o out  9pr dPur

Y o v oy*  Ox* + Oy*2

(2.7)
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These equations are more commonly used to model laminar boundary layers than turbulent ones due to
the absence of unsteady terms. Furthermore, an absence of the pressure gradient in y means that the
pressure gradient in x becomes equivalent to the external pressure gradient ouside the boundary layer
[33]. For turbulent boundary layers, the Reynolds Averaged Navier Stokes (RANS) equations should
be applied. These equations are essentially a time average of the navier stokes equations, obtained
by splitting the velocity into a time averaged, and a fluctuating component, i.e. U; = U; + U/. Taking the
time average of the navier stokes equations for similar assumptions and boundary conditions as the
aforementioned equations then yields the RANS equations for boundary layers, shown in Equation 2.8,
and Equation 2.9 [33].

ou Ov

oz oy

_Ou _ou 10p 0w ouv'

Yor "oy T por 0 T oy

Equation 2.9 shows an almost identical relation as for Equation 2.7, except for an additional turbulent

stress term, accounting for an extra source of momentum. This term is based on any type of velocity

fluctuation (including turbulent mixing), which means that, in a (time-averaged) turbulent boundary layer,

more momentum is mixed in the flow where fluctuations are higher, as compared to laminar boundary
layers. This means the shear term 7 consists of a viscous stress and a Reynolds stress.

0 (2.8)

(2.9)

2.3.3. Boundary layer thickness and parameters

The influence of viscosity vanishes further from the surface. A boundary layer therefore has a cer-
tain 'thickness’ to it. Multiple definitions for this thickness exist, as the boundary layer thickness is not
straightforwarldy defined due to the continuous nature of the velocity profile.

The most intuitive definition of thickness is the 99% velocity condition dog. This is defined as the y-
coordinate where the velocity profile reaches 99% of the external velocity i.e. .99U, [32]. This parameter
has no specific physical meaning, but attempts to make a distiction between the region of dominating
viscous influence from the region with negligible viscous influence. When § is used as the boundary
layer thickness in this thesis, it refers to the 99% velocity condition dg9 unless otherwise specified.

A more rigorous method for defining the thickness is the displacement thickness ¢6*. This thickness is
based on the amount of fluid that is displaced away from the wall. More specifically, it is defined as
show in Equation 2.10 for a given x-coordinate [32].

U.6* = /OOO(Ue — u)dy (2.10)

This equation equates the velocity deficit in the boundary layer as opposed to the external flow with an
equivalent mass flow deficit if the boundary layer were a step function with the step location at y = 6*
and a step size from 0 to U,. More specifically, it tells us how far the streamlines of the outer flow are
displaced by the boundary layer [32]. This definition is therefore practical for determining equivalent
inviscid contours for flows around bodies or profiles, where inviscid calculation can be applied e.g. in
airfoil panel codes.

An alternative to the displacement thickness is the momentum thickness 6. This has a very similar
definition to the displacement thickness, but instead uses a momentum deficit, rather than a mass
deficit. This is defined as Equation 2.11

U0 :/ w(Ue — u)dy (2.11)
0

This definition is typically used to determine momentum effects of the near-wall viscosity. Specifically,
it can be related to overall friction and drag in laminar boundary layers through integral methods [33].
The displacement and momentum thickness can be applied to both laminar and turbulent boundary
layers, although for the latter, time averaged velocities should be applied [33].

Both the momentum and the displacement thickness can be related in a single parameter, the shape
factor H. This factor is defined by their ratio, that is, H = % and typically varies from 1.3 to 2.5 for
turbulent flows [33]. This parameter is an indication of the shape of the velocity profile, and can also be
used as a measure for how prone a boundary layer is to separation.
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2.3.4. Classical turbulent boundary layer scaling & fundamentals
Due to the unsteady nature of turbulence, scaling of the boundary layer typically only involves the mean
flow. To achieve this scalability, several similarity laws and scales have been proposed throughout
history.
As shown earlier, the shape of the boundary layer is a direct function the pressure gradient. Clauser
[34] proposed the use of what is now known as the Clauser pressure gradient parameter, defined as in
Equation 2.12

8= o dp (2.12)

Tw dx

This parameter is typically used for pressure gradient characterisation in turbulent boundary layers
(such as in Herring [35]), although alternatives have been proposed on occasion [36].
The turbulent boundary layer itself is composed of three parts [33]. These are the Viscous Sublayer,
the Outer Layer and the Overlap Layer. A diagram of this structure can be found in Figure 2.103.

turbulent boundary layer

inner region outer region
viscous logaritmic defect
sublayer layer layer
60
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20
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Figure 2.10: The conceptual structure of a turbulent boundary layer?

In the Viscous Sublayer, viscous shear is the dominant type of shear. In the Outer Layer, turbulent shear
dominates (Reynolds stresses). The intermediate Overlap Layer connects the sublayer and the outer
layer. For the inner layer, the following variables are postulated to be of significance (Equation 2.13
[33]. Note that none of these are freestream parameters.

ﬂ:f('runpaﬂvy) (2.13)

For the outer layer, one can use the velocity defect to postulate relevant variables, as shown in Equa-
tion 2.14 [33]

dpe
nyiz wy Py 7537

== f(Tw 0y, 0,7
For the overlap layer, a compatibility equation is specified between the inner and outer layer to smoothly
merge the two, such that w;,ner = Touter [33]-

For these parameters, the velocity is nondimensionalised by the "friction velocity”, defined as in Equa-

tion 2.15
wr = |2 (2.15)
p

Shttps://www.cfdsupport.com/openfoam-training-by-cfd-support/node342.html

(2.14)




2.3. Boundary Layers 12

For the viscous sublayer, Von Karman [37] used the parameters in Equation 2.13 to compose the so-
called /law of the wall, shown in Equation 2.16.

gézf(W”) (2.16)

v

Similarly, for the outer layer, a velocity defect law is proposed [33], shown in Equation 2.17. For these
function, sometimes the Rotta-Clauser length scale A is used instead of § [36].

ety (1) e

For the overlap layer, the two velocity laws are set equal, which results in a logarithmic relation for both
profiles [33], Equation 2.18 for the viscous sublayer and Equation 2.19 for the outer layer.

% - %ln (%) + (2.18)
%;H:—?n%)+A (2.19)

The parameter A typically varies with the pressure gradient 3, and should stay constant under constant
3, according to Clauser [34]. However, according to Coles and Hirst [38], x and B are constant at

Kk~ 0.41 and B = 5.0. B
Figure 2.11 shows the validity of the overlap law, and the variation of outer flow. For convenience, .

and L=~ are redefined to uT and yT, respectively. These represent the wall coordinates. Alongside the
overlap law, the figure also shows typical shapes of the inner layer and outer layer. The inner layer is
typically modelled with power laws.
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Figure 2.11: Velocity profiles of turbulent boundary layers in log wall coordinates [33]

The figure also shows that the overlap layer appears to vanish for flow separation, which is of particular
interest to this study. In fact, Perry & Schofield [39] suggests that in adverse pressure gradients bound-
ary layers close to separation, the log law of the overlap layer is closer to a "half-power distribution”.
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2.4. Boundary layer separation

The concept of the boundary layer has established the phenomenon of deceleration of fluid near the
wall. Upon excessive deceleration, the flow in the boundary layer might be reversed. Flow reversal
leads the surface flow into a condition where the streamlines no longer follow the surface and steer
away from it, along with the near-wall flow typically being replaced by a region of recirculation. This
is what is generally recognised as separation. The actual mechanism of boundary layer separation
happens under specific conditions, and depends on several variables and circumstances, which are all
described in this section, along with some of the phenomena in turbulent separation.

2.4.1. Onset of separation and the separation point

As mentioned before, flow separation is essentially the result of of flow reversal in a boundary layer. The
pressure gradient plays a key role in this, which can be shown by analysing Equation 2.7. By imposing
the boundary conditions of V = 0 at the wall, the equation in question is reduced to Equation 2.20

op*  0%u*

or* 8y*2
In fact, Equation 2.20 shows that the curvature of the boundary layer velocity profile at the wall is directly
determined by the pressure gradient in the laminar boundary layer. Flow reversal in a boundary layer
is only achieved when both the velocity and the shear become zero. Mathematically speaking, for a
boundary layer, this can only happen if the velocity profile curvature at the wall is positive in sign. This
shows that separation in a laminar boundary layer occurs specifically in a positive, or adverse pressure
gradient (APG). The point where this flow reversal occurs can be defined as the separation point, and
is equivalent to the wall shear stress (as defined in Equation 2.2) reaching zero, i.e. 7, = 0.
Due to the similarity between Equation 2.7 and Equation 2.9, and the fact that %—T is zero at the wall
[29], the same conclusion holds for a time-averaged turbulent boundary layer. However, due to the
unsteady nature of turbulent separation, the shear and the streamwise velocity fluctuate significantly
over time. This means that the instaneous separation point is not contained to a singular streamwise
location. In fact, flow reversal can occur for a fraction of time in streamwise locations in the turbulent
boundary layer that would not typically be considered separated [40]. This calls for an alternative mea-
sure of turbulent boundary layer separation.

(2.20)

For this, one can use the fraction of time in which the wall tangential flow direction is negative. First
introduced in the work of Simpson as ~,,, [40][4 1], this quantity was later named the backflow coefficient
x. This report will mostly adhere to the former symbolic convention ~,, This fraction indicates what
type of separation state is present at that location. Simpson [40] distinguishes four different levels of
turbulent separation onset. Incipient Detachment (ID) occurs where y = 0.01, Intermittent Transitory
Detachment (ITD) happens for x = 0.20, and then finally, Transitory Detachment (TD) occurs when
x = 0.50. Additionally, "Detachment” (D) is defined such that the time averaged wall shear stress is
zero i.e. 7, = 0. According to Simpson, it can be concluded that this coincides with the point where
Transitory Detachment is found [40].

2.4.2. Anatomy of turbulent separation

Extensive research has been done on the characteristics of turbulent separation regions, particularly
by Simpson et al. [40][41]. The experiments involved in these studies give an idea of the characteristics
of turbulent separation.

Velocity measurements clearly show the formation of a recirculation region in the mean flow. This is
shown in Figure 2.12, which also shows the locations of the previously mentioned separation regions
(based on the backflow coefficient), including the coincidence of mean flow reversal with Transitory
Detachment. Sandborn and Liu found correlations for the location of what they define as intermittent
separation and fully developed separation [42].

The mean velocity profiles measured in these experiments corroborate the vanishing of the mean ve-
locity curvature at the separation point. These quintessential turbulent separation profiles are shown in
Figure 2.13a. The law of the wall and corresponding skin friction estimation are still applicable for the
profiles where no yet backflow exists (i.e. x = 0) [41].
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Figure 2.12: Mean streamline flow pattern for turbulent separation in the experiment of Simpson [41], including boundary layer
edge and displacement thickness (dashed and dash-dotted line respectively)

Similar profile measurements exist for the Reynolds stress in the separating boundary layer, shown in
Figure 2.14. These show that the Reynolds stresses are roughly maximum in the middle of the boundary
layer, and reduce to zero towards the wall. This is consistent with the aforementioned inner-outer layer
distiction established in turbulent boundary layer scaling. This pattern holds up for separation, although
the peak intensity of the Reynolds stresses decrease significantly as separation develops.

Although Figure 2.12 implies that flow is carried all the way back from far downstream, Simpson sug-
gests that these "do not respresent the pathlines for the elements of fluids”, and that the backflow
is 'supplied’ more locally [41]. To complete the discussion, and gain a more detailed account of the
backflow, similar profiles are plotted for the backflow in Figure 2.13b. These figure, shows that the
peak backflow occurs relatively close to the wall, with backflow initiating before mean flow detachment
occurs

For these distributions, similarity can also be applied [41] according to an empirical formula [43], which
relates 3‘:—53 to %, where x is a reference value, and M is the vertical distance from the wall to the
location of maximum root mean square streamwise velocity fluctuations. Similiarity also exists for the
wall-normal flow counterpart of the backflow coefficient (,,) [41].
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Figure 2.13: Mean boundary layer velocity profiles for turbulent separation in the experiment of Simpson [41], with logarithmic
height scale and displaced velocity scales for each measurement point
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Figure 2.14: Mean boundary layer Reynolds shear stress profiles for turbulent separation in the experiment of Simpson [41],
with logarithmic height scale and displaced velocity scales for each measurement point
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2.5. Vortex generators

The next few sections delve into the strategies and mechanisms employed to manage and mitigate
separation phenomena.

It was established in the previous sections that the decrease in near-wall momentum that is responsible
for separation is driven by a combination of a pressure gradient and viscosity effects near the wall. The
combination of the two ultimately enables flow reversal. Notwithstanding straightforward pressure gra-
dient design [29], the natural approach for separation control is therefore to add more momentum near
the wall, either through active addition or passive mixing. Active techniques constitute boundary layer
suction/blowing or wall heating/cooling [29]. These active techniques often require extra energy input
and/or complex devices integrated with the aerodynamic surface. Passive devices, on the other hand,
require no extra energy input. The most prevalent example of this is through swirling flow, generated
by devices such as vortex generators. These aim to create more mixing between the inner boundary
layer and the high momentum outer flow.

Vortex generators (VGs) are perhaps the most archetypical form of separation control. First tested by
Taylor in 1947 [7], VGs have been the topic of decades of research. Various different types of VG will
be highlighted, as well as the underlying physics.

2.5.1. Parameterisation and scaling of vortex generators

The geometric design of a vortex generator does not only involve an reference shape. Each shape can
also be subjected to scaling based on specific parameters involving both geometry and spacing of the
vortex generators. An overview will be given on the typical parameters used and how scaling is applied
to these parameters.

Lin [8] uses the following comprehensive set of parameters to fully describe a varied set of vortex
generators: device height, device length, device angle, spanwise device spacing and streamwise dis-
tance between VG trailing edge and baseline separation. Respectively, the symbols for these are h, e,
B8, Az, and AXy . For counter-rotating vortex generators, an additional parameter is required for the
spacing inbetween a pair of vortex generators, L. Of these, the dimensional parameters are typically
non-dimensionalised with respect to h. These parameters have been subjected to sensitivity studies by
Godard & Stanislas [44], although no general theory exists for the design of these vortex generators,
and the optimal design depends on the context.

Another important parameter in this context is the boundary layer thickness 4. The scaling of the gener-
ator must always be in proportion to the boundary layer, thus % is typically used as a nondimensionali-
sation. The order of magnitude of this scale is twofold. Clasically, the most effective scale is when the
height of the vortex generator matches the boundary layer i.e % ~ 1 [45]. However, the recent work of
Lin [8] [46] has shown that similar effectiveness can be achieved with sub-boundary layer-scale vortex
generators, i.e. % ~ 0.1 — 0.3, whose low-profile nature have the added benefit of lower parasitic drag.
The tips of VGs of this scale impinge on the log layer of the boundary layer instead of the outer layer
[8]. Figure 2.15 shows a conceptual sketch that compares how the boundary layer profiles are modified
under the influence of streamwise vortices from both BL-scale and sub-scale vortex generators.

The figure shows a similar pattern to that of Figure 2.19 in the sense that momentum is moved from the
upper side to the lower side of the boundary layer. However, the sub-¢ scale VGs remove significantly
less momentum away from the wall to achieve an increased shear near the wall, which demonstrates
their reduced effect on parasitic drag.

2.5.2. Vortex generator types

VGs come in a variety of shapes. Their aim is to generate vorticity through pressure gradients or de-
formation of vortex lines. This vorticity can be either of streamwise or spanwise nature. The aim of this
vorticity is to create a macro-mixing effect in the flow such that "the near-wall momentum is increased
through the momentum tranfer from the outer (free-stream) flow” [8]. A one-by-one analysis of several
VG type of interest (as they appear in literature) will point out which type is responsible for what type
of vorticity.

Vane-type in co-rotating configuration

The most straightforward form of generating vortices is with vane type vortex generators. These were
originally studied in the late 40s/early 50s, in the form of "small airfoils of rectangular planform mounted
normal to the surface”, and are typically mounted in an array [7] [48]. Recent research points out that
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Figure 2.15: Conceptual modified boundary layer velocity profiles due to conventional vortex generators vs sub-BL vortex
generators [47]

vane-type VGs are the most effective type to delay flow separation (in incompressible scenarios). [8]
[44]. Whether the vane is mounted at a positive or negative angle determines the rotation direction of
the vortex. This can be exploited to either have an array of vortices rotating in the same direction (co-
rotating) or vortices alternating direction with each vane (counter-rotating). Diagram of this distinction
can be found in Figure 2.16, Figure 2.17 and Figure 2.18. This specific section focuses on the co-rotating
arrangement.

€1
e
hI%I h}:[&{
Flow zf 7 Vane-type VGs
Counter-rotating Co-rotating

Figure 2.16: Counter-rotating vs co-rotating vane-type VGs [8]

Vane type vortex generators create strong streamwise vortices [8]. This allows for continuous mixing
downstream of the vortex generator in the mean flow. The vortex is generated through the pressure
difference on the finite surface of the vane, comparable to a wing tip vortex. To this end, different shapes
can be used, although the most commonly encountered in literature are the rectangular (see Lin [46])
and the triangular (delta) vanes (see Ashill [49]). The co-rotating vortices have proven to be highly
effective at delaying separation [8] and cover a larger downstream range than the counter-rotating
versions, owing to the fact that they stay attached to the surface for longer [46] [44].

Momentum transfer between each vortex pair happens both towards the wall, and away from the wall
[44]. This is highlighted in Figure 2.17. The drawback of these devices is that they are highly sensitive
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to spacing, as the opposing momentum transfers between each vortex pair could cancel eachother
out with insufficient spacing, reducing effectiveness [44]. Another effect that can happen is that the
collection of vortices have spanwise movement due to induction [44].

low momentum
mnsl‘cr

high momentum
ﬁ {/‘ transfer

Figure 2.17: Momentum transfer for co-rotating vortex generators [44]

Counter-rotating vane-type vortices

Counter-rotating vortex generators, as described earlier, focus on creating alternating vortices with
opposite direction, as shown in Figure 2.16. These were developed in tandem with the co-rotating
vortex generators. The principle is mostly the same, except that now, inward and outward momentum
transfer alternates between vortex pairs, as shown in Figure 2.18. As a result, the effect of both vortices
magnify each type of momentum transfer, and some have found that counter-rotating vortex generators
are more effective [44] [46]. However, it was also found that this depends on flow conditions and vortex
placement [46].

low momentum
transfer

N

high momentum
transfer

Figure 2.18: Momentum transfer for counter-rotating vortex generators [44]

The drawback of counter-rotating vortex generators is that the streamwise lifespan of the vortex is much
more limited due to the mutual induction lifting the vortices away from the wall, as this negates the
near-wall mixing [44] [50]. This effect is once again sensitive to spacing of the generators. Rather than
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equidistant spacing, vortices can also be paired in both "common-up” and "common-down” arrangement
[50] and then spaced by pairs (z-parameter in Figure 2.16).

Velocity profiles measured in literature give a consistent image of the effect of vortex generators on the
velocity profile. Measurements show that momentum near the wall is increased significantly, resulting
in a much larger shear at the wall (see [46] [51]), and therefore a stronger resistance to separation. An
experimental example is shown in Figure 2.19. A similar pattern is also shown in Figure 2.15.
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Figure 2.19: Experimental modified boundary layer velocity profiles due to counter-rotating vortices of different vortex strengths
[51]

The figure clearly shows that significant momentum is added towards the wall and removed from near
the boundary layer edge. As a result, the shear ?TZ is also significantly increased, which helps to prevent
separation.

Wedge/microramp vortex generators

Wedge style vortex generators are triangular solids raised away from the surface at a certain angle.
They can either face towards the flow (forwards wedge), or away from the flow (backwards wedge), as
shown in Figure 2.20. Their presence in literature is more significant in the category of shock-boundary
layer interaction and shock induced separation (see [52] [53]), although they also show the capability
for separation control in sub-sonic conditions [49].

The fluid dynamics of a forward wedge-shape are fairly well understood. A diagram is shown in Fig-
ure 2.21 based on the experimental work of Babinsky [53]. Apart from a primary vortex pair, secondary
vortices are also generated, along with a horseshoe vortex. The applicability of this model in low-speed
context is an assumption, as the literature surrounding this involves high-speed aerodynamics.
Furthermore, the downstream development of the primary vortex pair results in lift-up from the surface
which creates characteristic hairpin vortices (cite 2 or 3 papers), which eventually break down into
vortex rings and decay, as shown in Figure 2.22.
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Figure 2.20: Wedge-style vortex generators [49]
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Figure 2.21: Vortices around a wedge-style vortex generator [53] [54]
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Figure 2.22: Hairpin vortex generation due to a wedge vortex generator [55]

Consequently, the vortex strength as measured by circulation decays much faster downstream than for
vane-type vortex generators, as per the data of Ashill [49].

Other types

Other notable types of vortex generators found in literature are the trapezoidal tab and the hemispherical
bump.

Similarly to the wedge VG, the trapezoidal tab is a shape protruded at an angle from the surface.
However, the tab exists as a thin surface rather than a solid. The downstream result of this tab is a
combination of hairpin vortices and streamwise counter-rotating vortices (common-up) [56]. Figure 2.23
gives both a sketch of the geometry of the trapezoidal tab and the vorticity generated by it.
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Figure 2.23: Vortex pattern generated by a trapezoidal tab vortex generator [56]

The hemispherical generator is simply a hemisphere on a surface. The pressure gradients over this
body is still capable of generating downstream vorticity. This vorticity once again appears in the form of
hairpin vortices, but also a ’standing vortex’ that is akin to a horseshoe vortex [57]. If the hemispherical
shape is extended into a teardrop shape, this standing vortex is eliminated. See Figure 2.24 for a
sketch.

Top
Hairpin
vortex
Side ﬁ
s 2
(a) Hemisphere (b) Half teardrop

Figure 2.24: Vortex pattern generated by a hemispherical vortex generator [56]
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Spanwise vortex generators (cylinders)

Rather than streamwise vortices, vorticity can also be generated in spanwise direction. An example of
this is through the use of spanwise cylinders, which can exercise boundary layer separation control.
The net effect of this shedding is the introduction of large-scale wake turbulence in the freestream [58].
These cylinders can have comparable, albeit decreased effect on the delay in separation and cause
more drag [46].

2.5.3. Effect of repeated vortex generators

Vortex-generating geometry can be repeated for improved effectiveness. Presumably, a repetition of
the vortex generator with the same sense of vorticity reinforces the vortex strength. One approach to
this is by making a repeated, waving wall, as done by Kuethe [59]. The other approach is simply to
repeat a vortex generator, referred to as a doublet. Doublet vortex generators are of particular interest
as they most closely resemble the kirigami geometry that is used in this thesis project. These have
been studied extensively by Lin [47] [46] [60], and shown to be effective when applied as sub-boundary
layer scale VGs. The effect is slightly lower than that of vane-type vortex generators [8].

2.6. Shark skin

Separation control can also be in the form of geometry covering the entire surface. One example of
this was mentioned earlier in subsection 2.5.3, being the concept of Kuethe vortex generators. Another,
more influential example from nature, is shark skin. The skin of a fast-swimming shark has been known
to reduce drag, partially through the prevention of flow separation over the fins. A brief discussion will
follow on how this shark skin works as a separation control method.

The most iconic example of shark skin is that of the Isurus Oxyrinchus mako shark. The scales or
denticles responsible for flow control are shaped like hands, or hammers, which can change their angle
of attack up to 50 degrees [61], as shown in Figure 2.25. The lay-out of these scales resembles an array,
which varies across the body, as shown in Figure 2.26.

Figure 2.25: Side view of the shark skin scales of the Isurus oxyrinchus mako [61]
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100 pm

Figure 2.26: Top view of the shark skin scales of the Isurus oxyrinchus mako at several locations on its body [62]

Early research proposes that shark skins simply work as vortex generators, where at an angle of attack,
each denticle produces a counter-rotating (common up) streamwise vortex pair [63], according to wind
tunnel tests with air as a fluid. It should be noted that these conclusions were drawn from laminar
boundary layer experiments. Another proposed mechanism is that flow reversal actuates the denticles,
which disrupts the flow reversal [61].

The protruding, repeated geometry of shark skins bears mutual resemblance to the concept of tension-
activated kirigami surfaces. Moreover, more recent work into laser-cut biomimetic fish skins have an
even stronger likeness to kirigami surfaces [64]. These surfaces could serve as inspiration for the design
of kirigami surfaces for this experiment, although they are activated by surface curvature rather than
tension-activated. Examples can be found in Figure 2.27.
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2.7. Roughness

Another example of whole-surface geometry affecting the flow is roughness. Roughness is charac-
terised as a form of surface texture, specifically as "geometrical irregularities with a high frequency”,
and it is typically a result of some damage mechanism to the surface, or accretion of material on the
surface [65]. Shark skin and zig-zag strips could also be classified as roughness. It is therefore reason-
able to also consider the possibility of a kirigami metasurface to function as such.

One form of roughness-based separation control that is widely used involves either global or localised
roughness on the surface, which enhances disturbances in a laminar boundary layer in an adverse
pressure gradient, leading to earlier transition to turbulence [66] [67]. However, in turbulent boundary
layers, the roughness has a more nuanced effect. The presence of roughness results in a modification
to the ZPG boundary layer profile, in the form of a momentum deficit in an additional sublayer (the
‘roughness sublayer’)[65]. The presence of surface roughness in turbulent separation, therefore, is
adverse, resulting in larger separation regions [68], which can be attributed to this momentum deficit
[69].

Similar to vortex generators, roughness is generally also characterised by a height with respect to
the surface. Since this height is ambiguous in the case of an arbitrary roughness profile, the height
is measured by an "equivalent sand grain roughness” k., which is based on similarity between flows
over an arbitrary roughness and a uniform sand grain roughness of height k, [65] [70]. The turbulent
separation experiment of Wu & Piomelli [69] was performed at a roughness height of £ = 0.07. The
actual scaling of roughness happens using the roughness reynolds number £} = ’“% This parameter
defines 3 regimes of roughness as it increases. First, hydraulically smooth, which is fully embedded
in the viscous sublayer and has little effect on the boundary layer. Then, transitionally rough, which
protrudes into the viscous sublayer and partially destroys it. Lastly, fully rough exceeds the scale of
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the viscous sublayer and has the most disruptive impact, completely replacing this viscous sublayer by
turbulence[65].

2.8. Other passive separation control methods

Reviews such as Gad-El-Hak[29] mention various other, less common passive separation control
methods through turbulence amplification, using vortex shedding from rails or transverse cylinders,
or helmholz resonators. Of more interest in the context of kirigami, however, is the work of Howard &
Goodman [71] [72] [73]. This involves repeated transverse grooves in the aft section of a bluff body,
resulting in significant drag reductions. The repetitive nature of these grooves have parallels to an
array of kirigami metasurface elements. Along other more elementary mechanisms such a boundary
layer transition and shedding of vorticity, one of the hypothesised flow mechanism is that the grooves
function as a ’roller bearings’, implying that recirculation in the grooves locally eliminates the zero-slip
condition[72], which would reduce shear stresses at the wall.

2.9. Kirigami flow control

The concept of kirigami structures being applied to flow control is still in an early stage. In fact, only
two examples in scientific literature exist where kirigami was directly applied as a separation control
device. Considering the lack of data, both experiments therefore carry significant relevance for the
current project.

2.9.1. Cylinder wake control

Kirigami flow control was applied on a cylinder by Wen et al. [22] in the context of vortex shedding. This
is, as of yet, the only paper that has attempted such an application.

The aim of this research was to use adaptive kirigami devices to mitigate, reduce, or remove vortex
shedding from a cylinder, which is a phenomenon that is driven by (laminar) separation. This involved
an experiment carried out in an open-loop wind tunnel, employing PIV to measure the flow. The cylinder
operates in the subcritical reynolds number regime for vortex shedding, so the boundary layer is pre-
sumably laminar. Figure 2.28 shows how the kirigami elements are applied to a cylinder, and highlights
the deployability of these kirigami devices. The kirigami used are the triangular, circular and trapezoidal
cuts that display out-of-plane deformation (These are shown in Figure 2.4).

Figure 2.28: kirigami (circular, out-of-plane deformation) on a flow control experiment, deployed and undeployed state in the
experiment of Wen et al. [22]

The research concluded that loads on the structure induced by vortex shedding can be mitigated in a
subcritical regime (laminar boundary layer with periodic vortex shedding [22]). The particular mecha-
nism for this that emerges from the presented data is by moving the shedding vortices further away
from the cylinder, although no load measurements are presented to back this up. Figure 2.29 however,
shows that the (asymmetric) vortex shedding of a clean cylinder is pushed further away from the cylin-
der when the kirigami is applied to the surface. The kirigami also results in a decrease in turbulence in
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the wake region of the cylinder, show in Figure 2.30.
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Figure 2.29: Comparison of instantaneous vorticity fields of a clean cylinder vs cylinder with circular kirigami [22]
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Figure 2.30: Comparison of mean turbulence kinetic energy of a clean cylinder vs cylinder with circular kirigami [22]. c.: clean
cylinder, d. to g.:cylinder with circular kirigami of increasing height (ascending order)

Furthermore, the author observed that "The shedding vortices are controlled to lose their alternate
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periodic patterns, but with more symmetrical shedding patterns.” [22]. Further evidence for the decrease
in shedding by kirigami structures is found in the significant decrease in the eigenvalues of the primary
POD modes of the measured flow field. No investigation was done into the working mechanisms in the
flow generated directly generated by the kirigami structures.

The available data also provides some insight into the effect on flow separation around the cylinder.
Figure 2.31 shows the mean velocity fields around the cylinder.

Figure 2.31: Comparison of mean velocity fields of a clean cylinder vs cylinder with circular kirigami [22]. c.: clean cylinder, d.
to g.:cylinder with circular kirigami of increasing height (ascending order)

It is clear that the deployment of kirigami exacerbates the separation on the cylinder. The recirculation
region in the mean flow extends continuously with larger kirigami elements, up to roughly 3 times the
size of the clean case. This provides a potential explanation for the significant decrease in turbulence
intensity, since, as per the findings of subsection 2.4.2, where it showed that unsteady phenomena
(Reynolds stresses) reduce inside the core of separation region. In turn, the consistent increase in
turbulence is also further evidence that the main mechanism at work is the exacerbation of separation.

2.9.2. Airfoil separation control with kirigami

Gambile et al. [19] is, in similar fashion to the previously discussed paper, the only known case that
has attempted to apply kirigami as a flow control method on a lifting surface i.e. airfoil. The research
attempts to provide kirigami separation control on a NACAQ0012 airfoil with a laminar boundary layer,
and aims for overall drag reduction in stall conditions for long range UAV. This was carried out as an
experimental campaign in a wind tunnel with chord Reynolds numbers around 200,000. The airfoil lifting
properties were measured using force balances, which includes lift, drag, and yaw moments.

The experiment uses slit based out-of-plane kirigami metasurface (see Figure 2.3, Figure 2.4) that
covers the entire airfoil in a static case at various deployment heights. The application is shown in
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Figure 2.32. The production method used is laser cutting on a thin polyamide foil, adhered to the airfoil
with double-sided tape. The dimensions of the kirigami structure were applied such that it maximised
the size of the kirigami elements.

Figure 2.32: kirigami applied to an airfoil for separation control [19]

The resulting force curves can be found in Figure 2.33. The kirigami geometry of Gamble et al. was
evidently unable to increase the maximum lift coefficient of the airfoil. With increased deployment, the
lift over the airfoil decreases for all angles of attack. This includes a decreased maximum lift coefficient,
although the stall angle at which this occurs is slightly delayed. A comparison is drawn by the author
of this paper between this effect and the effect of trip strips on airfoils.

The deployment of the kirigami also appears to increases drag for most of the angles of attack. How-
ever, in the separation region of the drag curve, the drag is slightly reduced as compared to the clean
configuration. This combination leads to a local positive effect on the L/D for 13 degrees angle of at-
tack. The effect are therefore limited. This research is limited in its analysis of the flow mechanisms
generated by kirigami that affect the separation on the airfoil.
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Figure 2.33: Aerodynamic force curves of the NACA0012 airfoil with kirigami deployed on the surface to varying degrees. [19]
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2.10. Wind tunnel corrections

Any attempt at wind tunnel testing will introduce several discrepancies with a freestream case. A
freestream benefits from far-field, uniform boundary conditions. In a wind tunnel, the boundary con-
ditions are much closer towards the airfoil, which introduces a variety of errors in the measured forces
on the wind tunnel model. A brief overview of these corrections will be given from literature. Since the
experiment is carried out in an open section, the focus will be on open-jet corrections. Although open
jets do not suffer from the same problem that a solid wall test section does, the boundary conditions
are still different, in the form of a finite-width incoming flow and a finite distance from the model to the
upstream nozzle and the downstream collector. The corrections mentioned below only concern 2D mea-
surement set-ups for an open-jet. Since there is no distinct downstream collector in the experimental
set-up, corrections pertaining to this will also be omitted.

2.10.1. Solid blockage and jet expansion

This effect is described by Mercker & Wiedemann. Continuity in the pressure field demands that the
pressure at the jet boundary is equal to that of the ambient pressure. With the added presence of a
solid model in the flow, this leads to curvature in the jet boundary streamlines, leading to an expanded
jet. Due to mass continuity, this leads to a reduced flow velocity and thus reduced dynamic pressure at
the model [74].

2.10.2. Nozzle blockage & jet deflection

The finite distance from the nozzle also poses issues. The presence of a model results in modification
of the nozzle outflow. The positive pressure on the model leads to a positive pressure region that can
extend into the nozzle. This results in a deceleration in some part of the nozzle, meaning that other
parts accelerate due to continuity, resulting in non-uniform outflow [74]. Another effect is that proximity
to the nozzle causes the streamline curvature around the object to extend into the nozzle, resulting
in a further expanion of the jet [74]. Both of these affect the drag coefficient through reduction of the
dynamic pressure at the model.

2.10.3. Wake blockage

The displacement of the flow by the wake also introduces bockage. Wake blockage is said to have
a limited influence and is typically corrected using simplified models, i.e. a source at the wing trailing
edge [75]. These methods are typically based for low angles of attack, so in order to account for largely
separated flows, this is expanded upon by Maskell for separated 3D flows [75][76]. This is done by
scaling the source according to the drag. Note that the method proposed by Maskell is relevant for
closed sections as limited information was found on wake blockage for open sections. It is assumed
that wake blockage will have the same effect on the flow as the solid blockage, apart from it being a
direct function of the drag.

2.10.4. Lift interference

The jet boundary also imposes alternative boundary conditions on the flow. The condition imposed
along the jet boundary is that of a zero pressure gradient. This boundary condition is then modelled in
the method of images to obtain the effect that this has on the upwash at the model [77]. This results in
an upwash gradient at the wind tunnel model, which in turn changes the effective angle of attack of the
model with respect to the geometric attack. The method of images provides correction formulas for the
angle of attack [77]. However, the correction can also be determined by correlating the measured pres-
sure results to those of a panel code. This method was used by a study using the same experimental
setup as that of the present research [78]. This method yields a correction ratio between the geometric
and the effective angle of attack. However, these methods are either inviscid or have highly simplified
modelling of viscous effects such as turbulent separation. The data from the latter method exemplifies
that the ratio between effective and geometric angle of attack deviates from the correction ratio at high
angles of attack [78].



Research plan and scope

3.1. Identification of research opportunities

The conclusions gathered from the literature survey in the previous chapter can serve as inspiration
for a novel method of separation control. A specific type of kirigami exists that exhibits out-of-plane
deployment of scale-like elements upon the application of in-plane extension, resulting in a full 3D
geometry. When the extension is released, it returns back to a flat plane upon release. The deployable
nature of the device provides opportunities for flow control, given that surface geometry can theoretically
be modified on command.

The individual kirigami elements resemble wedge-style vortex generators, which are typically used for
separation control in turbulent boundary layers. The streamwise vortices mix the outer flow with the
boundary layer flow, which increases momentum near the wall and delays separation. These were
also found to work in repeated configurations. The fact that vortex generators are also associated
with increased parasitic drag, gives the kirigami device potential as a deployable application that only
controls separation when needed.

Such a device can only be designed for practical application if a strong basis of knowledge exists on
their exact fluid characteristics. Existing literature can conjecture toward this, but further testing needs
to be done to expand upon the knowledge base around this topic. The present research focuses on
designing an experiment to contribute to this goal in an exploratory manner, and lay a foundation for
more in-depth research. Before the experiment itself can be designed, an overview of the most relevant
knowledge gaps is given in the next section.

3.2. Assessment of the current state of knowledge

In the literature study, several aspects of both kirigami and turbulent separation were studied. It seems
that, although kirigami-related topics (including flow control) are on the rise, the technology is still far
too novel to consider an established discipline within aerodynamics. To the author’s best knowledge
at the time of the present research design, the use of kirigami as a flow control method only exists in
two papers. Both papers present data relevant to kirigami separation control, but ultimately fall short
of conclusions towards its efficacy in a more generalisable sense. The analysis around fluid dynamics
around kirigami devices is furthermore limited in scope, and requires a larger, more targeted sample
size with proper scaling definitions. Thus, toward the working hypothesis that kirigami metasurfaces
can provide significant separation control through defined mechanisms, no formal evidence as yet ex-
ists. As such, the basis upon which this hypothesis will rest, is conceptual extrapolation in the form of
drawing parallels between the geometry of kirigami metasurfaces and other flow control methods. The
most eminent knowledge gaps are specified in the following paragraphs.

As highlighted, one of the main gaps of knowledge in the literature is the absence of investigation on the
fluid dynamics directly around the kirigami. As evident from this literature survey, various geometries
influence the separation region in different ways. The question is how kirigami modifies the separation
on the airfoil, and whether this matches any known control mechanism. This should also include an
explanation on how this translates to changes on the separation region and whether separation control
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occurs. PIV will be used to investigate only the separation region. Any characteristics of the flow around
the kirigami will be inferred from these results, rather from directly measuring the flow near the device.

In terms of the design of kirigami elements, the effects of scale and shape are also undocumented.
Although literature shows various results on the effect of the shape of kirigami, scale is not varied, or
adapted to flow conditions in a substantiated way. These investigations on kirigami flow control are
therefore inconclusive on the generalised efficacy of kirigami. More substantiated approaches to the
scaling and shaping of kirigami surfaces should therefore encapsulate more of, and a more meaningful
part of the design space of kirigami. Thus, toward the further exploration of this design space, questions
need to be answered on the effect of the scaling of the kirigami devices on the airfoil, as well as the
shape. Typically, separation control devices such as vortex generators are scaled with respect to the
boundary layer, so the investigation into scaling of kirigami devices will also happen as such. To this
end, investigating turbulent and roughness scaling with PIV is simply not feasible nor practical at the
present time, both due to the lack of scaling laws for TBL flows in adverse pressure gradients as well
as the lack of spatial resolution needed to capture the shear stress needed to calculate u..

Although work on the structural design behind kirigami is more plentiful, the specific requirements for
an aerodynamic application warrants more attention to design aspects. Along with this, some struc-
turally and/or design-oriented questions should be asked. In particular, it was found that for flow control
devices, the height normal to the surface is the most commonly used, and most influential scaling pa-
rameter. Although both FEM simulation and experimental testing of the out-of-plane deployment exist in
literature independently, they have not been used in tandem to validate the use of FEM for this purpose.
The first question is therefore whether the type of kirigami required for this test can be modelled well in
FEM, so that it can be used as a design tool. The next question pertains to how adjusting the kirigami
device geometry influences deployment uniformity, which is necessary to ensure spanwise uniformity
for the 2D flow experiment.

The aforementioned deployability is one of the key features of interest of kirigami devices. Despite this,
for the aerodynamic investigation, the kirigami devices will be tested in a static way without any form
of actuation; deployment design and testing is out of scope.

The last matter to be addressed is the higher level relevance of the project. Separation control is of
importance due to its striking influence on the forces of the object in the flow. By measuring the lift and
drag of the airfoil, more of the emergent properties of the separation control method, and consequently,
its value as a practical application will come forward.

3.3. Methodological approach

The project will be conducted experimentally in a wind tunnel. This is the conventional approach in
separation control literature. This makes sense as numerical and theoretical models are insufficient for
turbulent separation prediction and control, although these are improving at a rapid rate. This will be
complemented by PIV to analyse the 2D flow field on the centreline of the wing. The model that will be
used is a 2D wing with a DU96-W180 airfoil with trip strips to induce a turbulent boundary layer over
the entire airfoil. This is due to the fact that vortex generators typically operate in turbulent boundary
layers, based on the research highlighted in the literature study.



3.4. Research questions 33

3.4. Research questions

The knowledge gap is condensed into several research questions, so as to delimit a clear scope for
the project. These are as follows:

Research question 1: How do tension-activated kirigami metasurfaces affect the flow separation on
a DU96 airfoil in a wind-tunnel?

» Sub-question 1: How does the mean flow in the separation region of the airfoil change when a
deployed kirigami meta-surface is applied to the upper surface?

» Sub-question 2: How do the dynamics of the separation region of the airfoil change when a de-
ployed kirigami meta-surface is applied to the airfoil upper surface?

» Sub-question 3: What flow mechanism allows kirigami to influence the separation region?

» Sub-question 4: What is the difference in effect on separation between circular and triangular
kirigami cut shapes?

» Sub-question 5: What kind of scaling should be used for kirigami in the context of turbulent sep-
aration control?

» Sub-question 6: What is the effect of deploying a kirigami device on the lift and drag of the airfoil
in separated flow conditions?

Research question 2: What steps need to be taken to structurally design a kirigami metasurface
suitable for separation control?

» Sub-question 1: To what extent can FEM analysis effectively model the deployment height of the
kirigami metasurface?

» Sub-question 2: What kirigami geometry is required for uniform deployment?

Upon these research questions, a research project can be built to advance the knowledge on kirigami
flow control methods, which can subsequently lay the foundation for future research projects in this
field.



Design of Kirigami devices for flow
control

In aerodynamics, geometry design is one of the core activities of the field. Even just small-scale geo-
metric deviations can have drastic effects on the flow field. It is therefore imperative that the geometry
of the kirigami devices is chosen with great care. This chapter will highlight some of the key necessi-
ties for kirigami devices in a fluids context, the challenges in obtaining the geometry that meets these
requirements, and the steps taken to come to a satisfactory design.

4.1. Structural design methodology

This section presents the methodology behind the structural design of the kirigami. This will be pre-
sented in two-fold: First, the definition and production of a kirigami device is discussed. This is followed
by the derivation of the properties of the material used in the production of the devices. Then the laser-
scan setup will be explained, which is finally followed by the FEM methodology.

4.1.1. Prerequisites for FEM validation

The FEM will be used primarily to obtain an ’extension curve’ of the kirigami device. Specifically, this will
model the element extension height against the in-plane extension, so that the device can be designed
to scale with the boundary layer. Alongside the required geometry, which will modelled in CAD software,
it also requires input on the material properties. To ensure a proper comparison, material testing will be
performed to obtain these. Furthermore, to then validate the FEM results, validation data is required.
This will be obtained using a laser scanner, which will be used to obtain samples of the extension curve
from a real-world version of the kirigami device under the same amounts of extension.

4.1.2. Geometry and production

Almost any material sheet can be turned into a kirigami metasurface. The only thing required is that the
surface is thin and/or flexible enough to allow buckling along the cut-out elements, and that a production
method is at hand which can accurately create the necessary cut-out pattern. On the other hand, the
material does require some stiffness or thickness to retain its deployed shape under load.

Based on availability and ease-of-use, a vinyl cutter was selected as a production tool to convert vinyl-
like sheets into kirigami metasurfaces. The vinyl cutter is a GCC Jaguar V J5-61(LX). The sheets used
were adhesive polymer sheets compatible with the vinyl cutter, whose thickness is 115um (excluding
adhesive layer). The exact material is unknown, so material testing, as described in subsection 4.1.3,
will be performed to quantify the properties of interest of the material. A vinyl cutter allows quick, acces-
sible production of kirigami devices, and gives access to precise geometries. The vinyl cutter requires
vector graphics file as input that define the cutlines. This format is built using a specific kirigami geom-
etry parameterisation in CAD software.

34
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Parameterisation

The parameterisation of the kirigami is as follows. First, a reference shape should be selected, which in
the present research is either a triangle or a circular arc, but could for example, also be a trapezoid (see
Figure 2.4). This reference shape requires 3 points to define, as shown in Figure 4.1. Figure 4.2 uses
a circular arc and will serve as an example. This shape is then scaled horizontally and vertically using
two parameters (L, and L, ). This was chosen over the use of the cut angle v, as used in literature (see
section 2.2), as this parameter is only straightforward for triangular kirigami. However, it can be related
to the current parameterisation through Equation 4.1.

L
=2 4.1
tan(y) = 27" (4.1)
These elements are then laid out in a staggered-array pattern with two additional parameters for x and
y spacing (4, and d,). Additionally, a slit width w, is used to add a perpendicular offset to the reference
shape, which are then connected through semicircles at the endpoints. This is done to reduce stress
concentrations at the edges and prevent tearing under high loads.

Figure 4.1: Example of a circular and triangular reference shape based on 3 points

Figure 4.2: Parameterisation of kirigami geometry based on a circular reference shape

Lastly, based on the spacing parameters, the staggered array is built on the parameters N, and N,,.
This is done by making a rectangular pattern of staggered pairs of elements. What defines a staggered
pair is highlighted in red in Figure 4.3. Since N, indicate the number of pairs in x-direction, an extra
column of elements is added by default at the edge of the material boundary, so that half-elements
are included on each side of the geometry (indicated in blue in Figure 4.3). The number of elements
in x-direction is then equal to 2V, + 1 and in y, 2V,,. The staggered element of the last pair is always
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trimmed in half. The total length of the geometry in the y-direction is appended by a solid ’strip’ with
length c. The element parameterisation is visualised for a circular arc reference shape in Figure 4.2.
Note that the term ’aspect ratio’ is sometimes used in this report to describe this geometry. The exact
terminology that is used is as follows: 'pattern aspect ratio’ refers to IV, /N, and 'element aspect ratio’
refers to L, /L. The element aspect ratio directly scales with cut angle .
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Figure 4.3: Parameterisation of circular kirigami layout with N; = 3 and N, = 4. Blue indicates the 'default column’. Red
indicates how a single staggered pair of elements is defined

Alternative production methods

An alternative production method was attempted by producing kirigami by laser-cutting thin steel sheets:
one 0.3mm thick and one 0.03mm thick. The 0.3mm was produced successfully. However, the stiffness
of the 0.3mm sheet was too high, and did not allow for transverse buckling of elements under tensile
loads, and required extremely high forces to even show any sign of deformation. The 0.03mm thick
sheet failed to be produced due to the heat of the laser causing strong deformations in the geometry,
and part of the geometry being welded to the base plate.

4.1.3. Material testing

Since third-party materials are used for the vinyl cutter, it is unknown what exactly the properties of the
material are, and whether it is vinyl or not. The FEM requires the Young’s Modulus and the Poisson
ratio to be defined, so samples of the material will be subjected to a tensile test. This test is done in
two-fold: one externally to measure the stiffness, and one in-house to measure the poisson ratio.

The tensile test is performed on a high aspect ratio strip targeting the measurements of 20mm x 150mm
for the in-house measurement and 4mm x 20mm for the external measurement. Half of the samples
are cut from the sheet at a 90° angle to the other half (with the groups labeled as H and V), which
enables testing for isotropy. This strip is clamped between the static and extension test fixtures of a
Universal Testing Machine (UTM) (seeFigure 4.5. For the in-house testing, the samples are marked
with a diamond-pattern of circumpunct-style markers, as shown in Figure 4.4. This is used for visual
tracking of the sample deformation, through which the poisson’s ratio can be determined by tracking
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the distance between the horizontal points, and the distance between the vertical points. The poisson
ratio is then calculated using the ratio of strains tied to these displacements, as shown in Equation 4.2.

v=——" (4.2)

Using this set-up, the machine then gradually displaces one of the test fixtures to which the sample is
clamped at a uniform rate until the test is terminated. The termination of the tests happens when it is
determined that the sample is deforming in the plastic deformation region. The load cell of the UTM
provides the force data for each of these deformations.

O g O 20 mm

' 150 mm !

Figure 4.4: Scaled diagram of the tensile test material sample with markers

Figure 4.5: Photo of a sample in the UTM test set-up for the in-house test

Young's modulus

Figure 4.6 shows the stress-strain curves of the external test.

The curves show a relatively good overlap, showing that the test data is reliable. The vertically cut strips
seem to display a slightly larger stiffness in the elastic region, and a slightly lower one in the plastic
region. Table 4.1 shows the measured Young’'s moduli based on the average slope of the elastic region,
from which it is evident that the material stiffness is not entirely isotropic. However, for the purposes of
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Figure 4.6: Stress-Strain curve of the external material test at a) full size, b) zoomed in to the elastic and yielding region

this thesis, the 15% difference between the horizontal and vertical stiffness will be considered negligible,
implying an isotropic material, and an average Young’s Modulus of £ = 300 MPa will be assumed.

E moduli [MPa] | H \)

1 267.73 | 330.96
2 298.47 | 285.75
3 259.68 | 350.74
mean 275.26 | 322.48

Table 4.1: Measured young’s moduli of tensile test

The values given by the external testing were obtained by fitting a line between the origin and the peak
stress in the elastic-yield region (right figure on Figure 4.6). However, the typical approach is to fit a
curve only to the elastic region. This might result in some error, although it will be assumed that for the
FEM, only a rough approximation is required of the young’s modulus.

Poisson ratio

The poission ratio could not be determined by tracking the horizontal markers, due to large warping of
the marker shape compared to the relatively small horizontal displacements. Instead, the markers were
used as a reference to track the vertical location of the horizontal centreline of the strip, and the edges
of the strip at this vertical location were instead used to determine the horizontal strain. The vertical
strain could still be measured by tracking the position of the vertical markers.

The resulting strains from the horizontal and vertical tracks appear to show a good, consistent linear
fit for the equation —e, = ve,, where v is the Poisson ratio. This is shown for the four test cases in
Figure 4.7.

Using the slope of these linear fits, the poisson ratio is determined. The results are shown in Table 4.2.
A poisson ratio rounded to v = 0.46 will be used for the purposes of this thesis.
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Figure 4.7: Strain plots resulting from the tensile test visual tracking

ID 1B 2A 4A 5A wto
v[] | 04794 | 0.4901 | 0.4634 | 0.4197 | 0.4632 £ 0.031

Table 4.2: Poisson ratios determined from visual tracking

4.1.4. Laser scanning

In order to validate the results of the FEM and obtain the deployment height of any kirigami devices
used during the experiment, some measurement technique is required. For this, a laser scanner is used,
specifically the scanCONTROL 30x0'. The scanning methodology in question uses laser triangulation,
which involves projecting a laser beam onto a surface, and capturing the light by an sensor that is
offset from the emitter (see Figure 4.8, taken from SICK sensor intelligence?). The distance between
the emitter and the surface is determined by the angle between the incoming and outgoing beam.
Triangulation-based scanners only work in a limited range, but for the small deployments heights of the
kirigami in the present research, this range will be sufficient.

Experimental set-up

The laser scanner is mounted on a horizontal 1-axis traverse system, which is in turn mounted to an
ISB-beam structure that allows height adjustment of the scanning axis so that the entire geometry is
within the scan range (indicated by h in Figure 4.9). h needs to be between 77.5mm and 92.5mm for
the scanner in question. The laser scanner is only capable of scanning the surface height and width on
a single transverse line, so in order to obtain a full 3D geometry of a planar scan, the traverse moves
the laser scanner along the kirigami (the ’scan direction’), perpendicularly to this line to sweep across
the entire geometry (see Figure 4.9). The kirigami is attached by each end to the top of a bench vise,
to allow for controlled extension of the geometry.

"https://www.micro-epsilon.com/2d-3d-measurement/laser-profile-scanners/scancontrol-30x0/
2https://www.sick.com/media/docs/9/39/539/product_information_laser_triangulation_sensors_dtQO_hi_od_
value_o0d1000_od_mini_od_max_od_precision_od5000_en_im0053539.pdf


https://www.micro-epsilon.com/2d-3d-measurement/laser-profile-scanners/scancontrol-30x0/
https://www.sick.com/media/docs/9/39/539/product_information_laser_triangulation_sensors_dt20_hi_od_value_od1000_od_mini_od_max_od_precision_od5000_en_im0053539.pdf
https://www.sick.com/media/docs/9/39/539/product_information_laser_triangulation_sensors_dt20_hi_od_value_od1000_od_mini_od_max_od_precision_od5000_en_im0053539.pdf
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Receiver Lens

Laser Object

Figure 4.8: Diagram of triangulation-based laser scanner?

Post-processing

The resulting data comes in the form of individual height profiles with their respective x-location and a
profile number N for each y-location in the scan direction. If the profile rate is constant, the y-coordinate
can be derived from the profile rate and the traverse speed. However, when the profile rate is variable,
the ratio between y and profiles needs to be derived from the geometry itself. This can be done by
taking the profile number difference at two points with a known y-spacing. When the total extension
length of the kirigami with a solid strip is known, the assumption is made that the stiffness of the strip
under tension is much larger than that of the kirigami geometry. This implies that the extension of the
total device is equal to the extension of the kirigami geometry, the range of which is fully included in the
scan results.

Furthermore, the resulting scan geometry is not always straight (either tilted to the side or having a slope
downwards along the scan direction). The z-coordinate is also not calibrated to a reference value. This
is corrected for by selecting two y-locations known to be on a flat plane, preferably locations where
z varies little and where the resulting z coordinate serves as a sensible reference for extension (e.g.
on the kirigami strip). At each of these locations, the z-coordinate is averaged across x to obtain a
reference z-coordinate. The reference x-coordinate for each point is set the centreline of the kirigami
geometry (not to the centreline of the scan geometry). Using these two reference points, the geometry
is first translated such that one of the points is the origin, and then the geometry is rotated around the
origin such that both points are on z = 0.

4.2. Finite-element method

A Finite-Element Method (FEM) analysis uses numerical simulation of structural mechanics to approx-
imate real structural deformations. This allows for swift access to a wide range of designs and detailed
results without the material cost or the labour required for production. This is done using external soft-
ware, COMSOL Multiphysics.

4.2.1. Simulation set-up

The simulation is performed using a stationary shell model. For the shell model, the geometry is de-
rived from a cross-section of the solid geometry imported from CAD, to which a ‘thickness and offset’
operation is applied. Both of these are then modelled with a linear elastic material, i.e. fl—g = const..
Although some plastic deformations were observed on physical kirigami models upon releasing larger
extensions, the assumption is made that a linear elastic material is sufficient for modelling the behaviour
and the extension height of the kirigami.

Four unique boundary conditions are then applied to a symmetric kirigami model after the geometry
has been trimmed at its symmetric axis: One ’‘fixed constraint’ boundary condition on one edge of
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Figure 4.9: Scanner set-up

the kirigami extension direction, one 'fixed displacement’ on the opposite edge to the fixed constraint,
a symmetry condition on any edge that emerged from the symmetric geometry trimming, and a free
boundary condition on any remaining edge. Additionally, due to the bistable nature of kirigami elements,
the solver could converge to any solution involving any combination of elements being either deflected
up or downward. Since only two of these solutions are interesting (either all upward or all downward),
some additional boundary conditions are imposed. One method is to simply apply gravity to the whole
domain, creating a bias to one side. This gravity is applied at the first step and its strength is tapered
off to zero in the first few extension steps. Additionally, when using gravity alone does not lead to
convergence, a point force is applied in these first few steps to the apex of every kirigami element,
forcing them to deploy in one direction.

The geometry is discretised using a triangular mesh with quadratic serendepity discretisation for the
solid mechanics model, and a quadrilateral mesh with quadratic discretisation for the shell model.
The system is then solved using the MUMPS algorithm, fully coupled. Some damping factor is rec-
ommended to prevent significant overshoots of the solution, along with a relatively large number of
iterations.

4.3. Kirigami design results

This section presents the results of the kirigami design steps undertaken in this chapter. First, the valida-
tion of the FEM is presented. Then, a design approach to improve deployment uniformity is discussed.
Lastly, a final design of the kirigami device for the wind tunnel experiment is proposed.

4.3.1. Deployment height

The use FEM to model the deployment height of the kirigami, must first be validated for the present
kirigami use cases. The results of these simulations are shown in Figure 4.10 and Figure 4.11, where the
FEM results are compared to the laser scan results. Figure 4.10 shows the normalised peak deployment
height on the centreline of the kirigami model versus the in-plane extension of the kirigami. This peak
value is what will be used as the reference device height A in this report.

The FEM shell model deployment height overlaps closely with the laser scanned model for both the
circular and the triangular kirigami case, even with these being of different L, thus evidently provides
a close approximation of the real life case.

The general behaviour of the kirigami seems to consist of a steep deployment gradient for smaller ex-
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Figure 4.10: Deployment curves of the kirigami FEM simulations compared to real-life laser scanned models

tensions, which flattens off for larger extensions. It seems that, for this element aspect ratio, it appears
that z,,4./ L. is in the order of 0.5 for large extensions. Although a larger sample is required to gen-
eralise this similarity, this assumption will suffice for the purposes of obtaining a first-order estimate
of deployment height. The behaviour of the curve also resembles the measurements from literature in
Figure 2.7 [23], with the maximum slope of deployment happening at the start of the extension, and a
gradual stagnation at higher extensions. Both results also are of similar order of magnitude in deploy-
ment height for larger extensions.

Additionally, to observe whether FEM can predict the deployment and deformation behaviour of the
kirigami, a 2D contour plot of the kirigami deployment height is shown in Figure 4.11. The figure shows
both the simulated kirigami and a laser scanned testpiece at the same extension length (note: the
limited span shown in the figure is due to limitations on the laser scan width).

The figure shows a striking similarity between the FEM model and the real-life case. It successfully
models both the contraction and deformation of the kirigami lay-out, as well as the topology of individual
elements. The simulation gives a good representation of the general deployment pattern of the kirigami.
This figure also confirms that all simulated elements have deployed in the same direction, as intended.
The same does not hold for the laser scanned samples, where some of the elements have deployed in
the opposite direction, which demonstrates the bistable nature of the kirigami elements.

One noteworthy observation from the 2D layout is the strong contraction resulting from the buckling of
the kirigami elements, in tandem with the significant non-unform deployment front at the start and end
of the kirigami. The free edges on the side of the kirigami play a crucial role in providing the elements
the degree of freedom to buckle by propagating transverse deformation to the neighbouring elements.
The drawback of this mechanism however, is the fact that the elements at the start and end are not
subjected to this same propagation of deformation from the edges, resulting in triangular front of various
levels of constrained deployment. It can also be observed that the deployment height tends to drop off
toward the edges.

Both of these effects might prove troublesome for reliable deployment at pattern aspect ratios smaller
than 1, where the free edges are unable to fully propagate towards the middle. This results in significant
non-uniformity in deployment heights and in the elements’ shapes and positions in deformed kirigami
lattice, particularly at the centreline, where all the aerodynamic measurements will be performed (see
subsection 5.2.2). To alleviate this, a solution is proposed along an underlying hypothetical cause in
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Figure 4.11: 2D comparison of the out-of-plane deployment of: a) the FEM simulated kirigami and b) A laser-scanned sample
of the same kirigami geometry, both at an extension of Ay = 6.6mm.

subsection 4.3.2.

4.3.2. Deployment uniformity

To alleviate the non-uniformity in the deployment, the underlying cause is identified in this section, and
a design modifications is proposed.

It is hypothesises that the solid strip at the start and end of the kirigami is strongly constrained in
buckling. This comes both from its own stiffness as well as from typical fixed constraints that occur near
this area, whether this is an artificial FEM boundary conditions, or a real life physical restraint, such as
clamping, or adhesion to an underlying surface. This buckling constraint propagates towards the rest of
the kirigami, resulting in restricted buckling of kirigami elements near the strips. Conversely, if either the
strip is allowed to buckle more, or the buckling resistance is removed altogether, the deployment might
be much more uniform. One way to achieve the former is to move the fixing constraint infinitely far away
from the kirigami, such that the material near the kirigami is unaffected by this restriction. However, this
is not practical in real applications, so a more promising method is to cut slots out of the kirigami strip,
as shown in Figure 4.12.
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Figure 4.12: An example of strip cuts in a triangular kirigami device, showing one device a) without and b) with strip cuts

The strip cuts are made using cut rounded rectangular shapes. These strip cuts can be parameterised
based on 4 parameters. The first step is to place an pattern of rectangles with their centreline collinear
to that of the first staggered row of kirigami elements. These rectangles are placed at a distance ¢, from
the starting edge of the kirigami strip, and a distance A, from the first row of elements. These rectangles
are spaced apart at a distance A,. The corners of the rectangles are rounded using a radius r,. This
parameterisation is visualised in Figure 4.13.
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Figure 4.13: Parameterisation of the strip cut geometry

This allows for the remaining material strips inbetween the rectangular cutouts to free move transversely
upon extension of the kirigami device, as opposed to the strip having to overcome its own transverse
buckling resistance. This also enables the effect of faraway clamping to be much more effective. Fig-
ure 4.14 shows a FEM simulation of the same two triangular kirigami geometries, one with strip cuts
and one without. The buckling resistance of the model without strip cuts is modelled by having a fixed
boundary condition right before the start of the kirigami geometry.

The solid strip case shows excessive contraction and non-uniformity, whereas the case with strip cuts
shows strong uniformity, showing the effectivity of the strip cuts in tackling the problem at hand. The
case with strip cuts shows a complete absence of the triangular non-uniform front that is exhibited
by the solid strip case and the cases in Figure 4.11. To support this effectiveness with a quantitative
comparison, the peak deployment height of each element on the centreline for the above geometries
is plotted for both cases in Figure 4.15.

In this figure, the uniformity enabled by the strip cuts becomes more apparent. The deployment peaks
of the case with strip cuts exhibits a much flatter distribution than the one without. A side-effect that
becomes evident from this figure is the increased deployment height, which is presumably due to the
additional freedom for elements to buckle that the strip cuts enable.

Another note-worthy side-effect is that the remains of the strip at the start of the kirigami exhibit an
oscillatory buckling pattern (see y ~ 47.5mm in Figure 4.14b). Although this would theoretically create
additional surface geometry that could have an effect on the flow, in practice it was observed that these
can be flattened or cut away once the kirigami was glued onto a surface.

Although not formalised in the current results, it was observed in practice that, on production pieces
with very low pattern aspect ratios and strip cuts, this uniformity persisted across the entire span of
the kirigami geometry. This proves that strip cuts are an extremely effective and practical technique to
design unformly deployed kirigami metasurfaces for aerodynamic purposes.
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Figure 4.14: 2D FEM comparison of the out-of-plane deployment height of the same triangular kirigami device at the same
y-extension with: a) A fixed boundary constraint near the start and end of the kirigami and b) A fixed boundary constraint at the
end of the kirigami strip with strip cuts
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Figure 4.15: Deployment peaks of individual kirigami elements on the centreline of FEM-simulated kirigami geometry with and
without strip cuts
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4.3.3. Final design

With the conclusions gathered from the FEM, along with some other design considerations, a final
design for the experiment was put together.

Proper 2D testing necessitates spanwise flow uniformity, which is why the number of elements in span-
wise direction will be such that the width of the kirigami device will be equal to the width of the 2D wing
(400mm). Since the aim is to study the effects of a localised device (like a vortex generator), as well
test a variation of spacings between the separation point and the chordwise location of the kirigami, it
makes sense to keep the number of elements in chordwise (x)-direction of the kirigami as limited as
possible. A low surface coverage is also desirable to minimise any adverse effects of the kirigami on
separation in case it functions like a roughness and results in a momentum deficit. Choosing too few
elements results in issues with deployment, so a balance was struck of 6 element pairs in x-direction,
which results in about 0.15¢ surface coverage.

The spacing of elements (gap size) was manually tuned to ensure unrestricted deployment of the el-
ements without breaking. These are set specifically such that the linear vertices of the triangular ele-
ments are on the same diagonal line (as is done in past kirigami studies using the same geometry).
Past research using the same airfoil with boundary layer tripping has approximated the boundary layer
thickness on the airfoil at the trailing edge to be in the order of 10-15mm for low to medium angles of
attack[79]. With this in mind, an element width L, of 4.3mm (as was used for some of the proven test
pieces made with the vinyl cutter) was deemed sufficient to target the scale of micro-vortex generators
of h/6 = 0.1 —0.3. The sharpness of the kirigami apex is preferably maximised so that it is more similar
to the more acute angles used for wedge-style vortex. However, this also affects deployability (see
section 2.2). Deployment is maximised at a cut angle of 30 degrees [23], so L, was chosen to be just
over 30 degrees. The final designs are shown in Figure 4.16

Parameter Circular Kirigami | Triangular Kirigami | Unit
Element width (L,,) 4.3 ? mm
Element length (L,) 1.4 ? mm
Element spacing (x) (d.) 24 ? mm
Element spacing (y) (d,) 218 ? mm
Slit width (w;) 0.5 0.4 mm
Number of Element pairs (x) (V) 6 ? -

Number of Element pairs (y) (V) 45 ? -

Solid strip length (c) 35 ? mm
Strip cut edge width (c;) 4.5 ? mm
Strip cut offset (A,) 1.2 ? mm
Strip cut spacing (x) (A.) 0.5 ? mm
Strip cut corner radius (r;) 1.6 ? mm
Deployed extension (Ay) 4.6 ? mm

Table 4.3: Final design parameterisation of the kirigami geometry

Figure 4.16 shows the full geometry of the unextended kirigami device.
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Turbulent separation control using
Kirigami

With a structural design completed, the aerodynamic characteristics of kirigami can be tested in the
wind tunnel, where its capabilities in separation control were assessed. First, a baseline overview of
the airfoil and its separation characteristics will be given, followed by an assessment of a comparison
of the airfoil separation characteristics for specific cases of interest. Lastly, several hypotheses for the
changes in separation will be described, based on the data available.

5.1. Test plan

In the wind tunnel experiment in question, two parameters can be controlled to set specific flow condi-
tions: the tunnel flow velocity U, and the geometric angle of attack of the airfoil ayc..m. Varying these
parameters implicitly varies the pressure gradient j—g on the airfoil and the Reynolds number Re, which
in turn affect boundary layer thickness ¢ and the separation point z,,. In varying these parameters, a
large design space can be studied for potential separation control effects.

The geometric angle of attack o, was varied between 6 degrees and 20 degrees to capture the full
spectrum of stall on the airfoil, from no separation to full separation. Each angle of attack is measured
at a U from 10m/s to 30m/s for a total of 40 cases. For each tunnel velocity, the angle of attack is
varied in ascending order to prevent hysteresis effects. This process is done for a clean configuration,
a configuration with the circular kirigami and a configuration with the triangular kirigami.

5.2. Experimental set-up

5.2.1. Wind tunnel model

Airfoil

The model used for the aerodynamics part of the experiment is a 2D wing with a DU96-W-180 airfoil,
a 200mm chord, and a span of 400mm. Its cross-section is shown in Figure 5.1.

49
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Figure 5.1: DU96-W-180 airfoil used in the experiment with available pressure taps and kirigami placement

The airfoil was chosen partly due to availability, but also due to its thickness and flat aft upper surface.
To ensure a turbulent boundary layer, even at low Reynolds numbers, the boundary layer was tripped
by means of a zig-zag strip near the trailing edge. The flat aft upper surface of the airfoil allows for
easier application of the kirigami surface.

Figure 5.2 [79] shows the characteristic pressure distribution around the DU96 airfoil. Due to the rel-
atively small leading-edge radius, a sharp suction peak is observed, that quickly decreases, briefly
resurges to a secondary suction peak as the curvature of the airfoil increases again, and then recovers
with a relatively constant pressure gradient.

To measure how the kirigami affects this pressure distribution, the airfoil is equipped with pressure taps
on both the upper surface and lower surface. The upper surface probes will be used to characterise
the airfoil's pressure profile that leads to separation. The pressure taps are connected to pressure
probe which record a time-averaged pressure for each tap over 30 seconds. To account for the more
significant peaks in pressure near the leading edge, ressure taps at 2 /¢ < 0.2 are connected to a probe
with a measuring range of Ap = +2.5 kPa, whereas taps at «/c > 0.2 were connected to a probe with
a range of Ap = +600 Pa. The measurements are done over a period of 30 seconds, which results in
a time-averaged pressure for each probe.

Kirigami placement

Based on the range of angles of attack, a large variation of separation points (measured as point of
TD: Transitory Detachment near the surface) will be observed. In early observations during the test,
it was observed that this variation of separation point occurs between 0.36 < x/¢ < 1.0 for all tunnel
velocities (see Figure 5.15), so the choice was made to place the kirigami somewhere in the middle
of this range. Specifically, the start of the kirigami structure was placed 93mm from the trailing edge,
measured along the upper surface. This corresponds to a start and end point of respectively 0.55¢ and
0.70c and is indicated in red in Figure 5.1. This start and endpoint are defined as the chord-wise bounds
of the actual kirigami structure, meaning it excludes the strip. Note that due to this placement, some
pressure taps might be covered up and not function as intended.

The kirigami was extended to a length of 100.45mm by adhering the extreme edges of the strips to a
bracket with the adhesive side outwards, and then placing it at the abovementioned location on the
airfoil such that the centre of the kirigami was aligned with the centre of the wing, with the apices of the
deployed kirigami elements pointing downstream. Note that due to the bistable nature of the kirigami
elements as a result of the isotropic material, some elements need to be pushed manually to deploy in
the correct direction.

To minimise interference of the strips, these were cut off as close as possible to the deployed kirigami
lattice, and removed from the airfoil surface. The adhesive surface of the vinyl-like material was suffi-
cient to keep the kirigami structure deployed in place.
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Figure 5.2: Characteristic pressure distribution around a DU96-W-180 airfoil at moderate angle of attack based on wind tunnel
tests (AWB) and panel simulations (XFOIL) by Suryadi & Herr{79]

5.2.2. Wind tunnel hardware set-up

Wind tunnel

The tunnel used was the A-Tunnel facility at the Low-speed Wind Tunnel Laboratory at Delft University
of Technology. All the following information about this tunnel is taken from Merino-Martinez et al. [80].
The A-Tunnel is an anechoic low-turbulence, vertical, open-jet, closed-circuit wind tunnel intended for
aeroacoustic measurements, and transition and flow control studies. A schematic of the wind tunnel
is shown in Figure 5.3. The measurements were performed in the open-jet test section located in the
anechoic plenum. The particle seeding hardware was located on the top floor. For this test setup, a
Delft 40x70 contraction was mounted at the exit of the contraction. This has a contraction ratio of 15:1,
and allows a maximum outlet velocity of 35 m/s. With this contraction, the outlet has a worst-case flow
non-uniformity of -0.8% and a maximum streamwise velocity turbulence intensity of 0.1% for velocities
of 10 m/s and above.

The tunnel velocity is measured using a pitot tube upstream of the airfoil. Other properties of the tunnel
that can be measured are the freestream density and temperature. Since data recording of these prop-
erties were limited, the freestream density was averaged over the entire day for which the measurement
took place.

Experimental set-up

The experimental set-up features the DU96 airfoil mounted to a structure mounted directly on top of
the contraction, which is the same mounting set-up used in Zhang et al. [78]. The set-up consists of
two sidewalls spaced 400mm apart, such that they are flush with the contraction exit. Each of these
sidewalls has a circular hole cut out in the middle allowing for two circular, plexiglass panels that are
mounted to a rotating metal bracket, between which the airfoil is mounted. On one side, the metal
bracket is connected with a servomotor which allows the user to set the airfoil at any desired angle
of attack. lts accuracy was verified with an inclinometer. The attached panel was covered with vinyl
material to allow for a uniform, dark background for the PIV field of view. The panel on the other side
is unobstructed to provide optical access for the PIV camera. A schematic and photo of this setup are
shown in Figure 5.4 and Figure 5.5
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Figure 5.3: Schematic of the A-tunnel, the tunnel used in the present experiment. Numbers indicate 1) The settling chamber, 2)
Contraction part, 3) Anechoic plenum, 4) Top floor with fans and collectors [80]
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Figure 5.4: Schematic of the side view (top) and front view (bottom) of the experimental set-up. The grey arrows indicate the
view direction of the opposing figure
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Figure 5.5: Photo of the experimental set-up

Laser set-up

The laser used for the PIV set-up is an EverGreen2 Double-Pulse Nd:YAG laser’. This laser is capable
of sending double pulses of 70-200 mJ with a wavelength of 532nm. The laser was mounted at a
distance from the wing, in line with the centreline of the 2D wing, slightly lower than the airfoil itself
(see x-y plane of Figure 5.4). By shining the laser through lenses, the single beam can be turned into
a planar laser that illuminates the entire FOV of the PIV camera, encapsulating the centre plane of the
2D wing. The laser beam is shone through two spherical lenses to expand and subsequently focus the
laser beam onto a final cylindrical lens, to expand it into a planar beam. Normally, the thickness of the
laser sheet needs special attention due to particles moving out of the illuminated region when non-zero
out-of-plane velocities are present. However, in this research, 2D flow is assumed, so the thickness of
the laser sheet is less significant. This set-up and the planar laser beam is highlighted in the front view
of Figure 5.4.

Camera set-up

The camera that was used is a LaVision Imager sCMOS CLHS?, which is a high-speed camera specif-
ically intended for PIV applications. The CLHS version is connected to the acquisition PC using optic
cables. The camera is able to shoot image pairs with an interval of down to 0.2us at a resolution of
2560x2160 at 50fps. The camera is mounted on a stiff frame outside the optical access panel, pointing
as orthogonally as possible onto the centre-plane of the 2D wing. With a 60mm lense, the field of view
was adjusted to cover roughly the aft 60% of the chord, as well as roughly 30% of the chord into the
aft flow field, capturing at least 50mm above the airfoil surface for all angles of attack. The results is an
FOV of roughly 190x90mm,

Particle seeding

For the particle seeding, a SAFEX fog generator was used which creates water-glycol droplets of
roughly 1 um thickness. This generator was deployed in the top floor of the wind tunnel, just before
the fans (section 4 in Figure 5.3). The closed-circuit nature of the wind tunnel means that the fog will
fill up the entire tunnel when given a continuous seeding input. The seeding was manually adjusted
based on perceived seeding density in the PIV images throughout the entire test.

"https://www.quantel-laser.com/en/products/item/evergreen-70-200-mj- . html
2https://www.lavision.de/en/products/cameras/cameras-for-piv/
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(a) Schematic (b) Camera shot

Figure 5.6: Field of view of the PIV camera

PIV & Recording Set-up

Turbulent separation is a drastic flow regime on the upper surface of the airfoil, which requires whole-
field measurements in order to fully capture its characteristics. Particle Image Velocimetry (PIV) is a
quantitative method that allows for quantitative measurements of the desired flow field. In the present
research, as mentioned, PIV will be used to measure the properties of the separation region.

PIV works by capturing an image pair of seed particles that follow the streamlines of the fluid, and
capturing images illuminated by a strong light source, such as a high power laser. In this case, a 2D
flow is assumed, so as apparent from the previous section, a planar PIV was used, which measures
[U,U] = f(:my)

Since the focus of this research is primarily on statistical results rather than time-resolved analyses,
the image rate is not required to be high, and was set at 15Hz, meaning that 15 image pairs are col-
lected per second. On an FOV of roughly 191x89mm spatial resolution of the set-up is 13.15 px/mm,
and with a sensor pixel size of 6.5um, this corresponds to a magnification factor of 11.7. The optimal
displacement of a particle for PIV cross-correlation is a quarter of the interrogation window [81]. For a
12x12 minimum interrogation window size, this corresponds to a displacement of 3 pixels, or 0.23mm.
Since the velocities inside the separation region, which is of the most interest, varies roughly between
—0.2U t0 1.0U, (see Figure 2.13a), a higher freestream displacement was chosen. The frame sepa-
ration was thus chosen per velocity to result in roughly 10 pixel, or 0.75mm freestream displacement.
The frame separation values that were used can be found in Table 5.2. To achieve statistical conver-
gence, an ensemble size of 1000 frames was chosen. A summary of the these settings can be found
in Table 5.2.

Property value unit
Method 2D planar
Recording rate 15 Hz
Focal length 60 mm
Aperture - fy 5.6 -
Field of View 191x89 mm
Spatial resolution 13.15 px/mm
Magnification factor 1.7 -
Interrogation window size | 12x12 pX
Freestream displacement | 10 pX
Number of samples 1000

Table 5.1: PIV settings

Tunnel correction
Several relevant corrections were discussed in section 2.10. Given the fact that this experiment takes
place in a wind tunnel set-up rather than a true freestream, some of these corrections need to be



5.3. Post-processing methods 55

Use [m/s] | 10 | 15 | 20 | 25 | 30
At[us] | 70 | 50 | 40 | 30 | 20

Table 5.2: Frame separation settings for various tunnel velocity settings

considered. However, note that the focus of the results lies on comparison of the flow measurements
with and without kirigami, rather than the actual quantity of the measurements. A brief discussion will
follow on the relevance of these corrections and whether they are required for an accurate comparison.
The blockage-related corrections mainly focus on correcting drag on the model. The reduced drag from
the wind tunnel, as shown in the literature review, originates from reduced flow velocity at the model.
These are either a function of the area ratio between the model and the tunnel outlet, or the drag on the
airfoil directly. Since the kirigami height is extremely small compared to the tunnel, it is not expected to
influence the area ratio, and therefore, the velocity at the model will be the same across different kirigami
configurations. If kirigami increases or decreases the separation, this could have consequences for the
drag due to wake blockage. This in turn causes an error between the measured drag and the actual
drag. However, since only the difference between kirigami configurations is of interest, and the drag
error moves in the same direction, the only effect this will have on the result is that the measured drag
difference between the clean configuration and the kirigami configuration, is an underestimation of
actual difference in a freestream. The change in drag across configurations can therefore be assessed
without correction. Furthermore, the drag is not measured directly, only the wake deficit. Blockage
corrections are therefore omitted in the present research.

The lift interference results in an error between the geometric and the effective angle of attack. Since
these map one to one, the comparison between cases remains intact for constant agcor,. In past re-
search, using the same experimental set-up, a correction factor was determined. The correction factor
&, which is calculated as shown in Equation 5.1, which for this airfoil was determined to be 1.294 [78].
Note that this research did not focus on separated flows, so care should be taken when using this
correction factor method.

_ Qgeom _ Clmsi’m, (5 1)
eff Cloeap

Since the present experiment does not explicitly focus on the quantitative effect of specific angles of
attack, this correction was not applied to any of the present results. Thus, in the rest of this report, «
will specifically refer to agcomm. However, this correction should be kept in mind for future experiments
that aim to reproduce the results in this thesis.

5.3. Post-processing methods
5.3.1. PIV pre-processing

The first step is image calibration, which allows for the definition of a general dimensional coordinate
system (in mm) for the acquired raw images (in pixels), and can be used to correct the perspective,
correct for image distortion and calibrate the pixel density with dimensional values. This is done using
a pinhole calibration model placed parallel to, and as close as possible to the centreline of the airfoil.
Before applying cross-correlation analysis, the raw images require some pre-processing steps to re-
duce errors. First, a shift and rotation correction is applied to each image set by ensuring a refence
point in the images is kept at a constant location (e.g. the airfoil trailing edge). Then, the minimum over
time is subtracted from all image sets, with a weighting factor of 1.2, which removes any reflections. A
mask is then applied to remove the airfoil from the field of view. Further error sources include particle
image size and shape, as well as variation in the illumination intensity of particles [82]. To mitigate this,
the intensity is normalised with a local average to obtain more uniform brightness among particles, and
these are smoothed using Gaussian smoothing.

A cross-correlation algorithm was then applied to these image pairs. This comprised a standard, multi-
pass, 2D PIV method. The initial interrogation window size starts at 48x48 and goes down to 12x12. No
window overlap is used since finer resolutions are not strictly necessary, and using no overlap prevents
excessive smoothing of the data. Local outlier detection and removal is also applied.
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(a) Before (b) After

Figure 5.7: Effect of post-processing on the raw image data

5.3.2. Uncertainty quantification method

The aforementioned pre-processing steps help to reduce uncertainty, but uncertainty cannot be fully
eliminated. Since PIV reconstructs the velocity field from a displacement field, i.e. u(z,y) = Az(x,y)/At,
uncertainty quantification can be applied that aims to find the uncertainty in the displacement field.
This uncertainty can for example, be extracted by analysing the contribution of each particle in an
interrogation window, which is known as the particle disparity method. This method works by compar-
ing an interrogation window pair at the optimum window displacement (i.e. by finding the correlation
peak). Within this window, pairs of displaced particles are detected, and their disparity is measured.
The uncertainty of the correlation window then results from the statistics of the particle disparities in
this window[83].

In DaVis, the software used for PIV post-processing, the method used for uncertainty quantification
is an extension of the particle disparity method, which is the correlation statistics method. A similar
methodology is applied, but instead by matching individual pixels’ contribution to the cross correlation,
where their individual uncertainty is obtained from the cross correlation peak[84]. This method requires
interrogation windows that were obtained using multi-pass PIV with window deformation and predictor-
corrector filtering [82]. Both of these methods fall under "a-posteriori’ uncertainty quantification methods
[82], as they are applied after cross correlation.

The resulting uncertainty is in the form of a velocity vector for each window that represents a chosen
multiple of standard deviations. The uncertainty calculation for this study was set at 1¢. This uncertainty
velocity is denoted with the o subscript e.g. u,.

5.3.3. Vector field rotation and dewarping

The perspective correction described in subsection 5.3.1 aligns the coordinate system of the resulting
vector fields with the calibration plane, designated at x.-y.. Note that, although these vectors have illus-
trated in line with the FOV for simplicity in this report, this is generally not the case. This reference frame
will be rotated to align the x-axis with the tunnel axis. Furthermore, a discrete non-linear transformation
will be applied to obtain a surface-bound coordinate system.

The tunnel-aligned rotation is composed of two angles. The first is the angle between the calibration
plane and the airfoil chord line (since the camera is not aligned with the tunnel), and the second is the
angle between the airfoil chord line and the tunnel. The second angle is simply the geometric angle of
attack set by the servo «. The first angle ¢ can be found by fitting the airfoil curve to the reflection in a
raw image that has perspective correction applied to it, and observing what angle the fitted curve was
rotated with. These angles are shown in Figure 5.8. The total rotation angle that needs to be applied
to the raw vector field is then § = —a — . This potentially introduces uncertainties in the form of small
deviations between the « setting and the actual angle of the servo.
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Tunnel

Figure 5.8: Rotation angles from calibration coordinates to tunnel coordinates

Based on this curve fit, a dewarping of the image can be applied to match a wall-attached coordinate
system. This allows for easier extraction of the boundary layer profile (i.e. normal to the surface) and
a more concrete definition of forward and reverse flow (i.e. parallel to the surface). The first step is to
extend the airfoil upper surface curve from the trailing edge, parallel to the airfoil to create a smooth
extension, so that the coordinate system spans the entire field. This reference surface is divided into
arc length segments with the same resolution as the original grid i.e. As = Ay. For each grid-point s;
on the airfoil surface, a wall-normal unit vector n is generated, along which a new grid is discretised
with step sizes Ay. This creates an s — n coordinate system where s is always parallel to the surface
below it, and n is always normal to the surface below it. n is defined such that on the airfoil surface,
n = 0, and any point above it is the normal distance in mm. s is defined such that s = 0 at the leading
edge, with any non-zero s indicating the arc length of the airfoil from the LE onwards. The old dataset
[u, v] is interpolated from the old grid to the new grid points.

Lastly, the velocity field on the new grid [u,v] = f(s,n) needs to be rotated. The angle of rotation is
constant for all data points at a constant s. This angle at each constant s;, called 6; is equal to the
angle between the tangent of the surface at (s;,0) and the x-axis of the previous reference frame. The
formula for this rotation is as in Equation 5.2. Figure 5.9 shows a diagram of this transformation. Note
that this shows the dewarping from an x-y frame that is aligned with the chord, but this need not be the
case so long as the reference airfoil surface is correctly aligned in the original x-y frame.

] = ot s 1o &2

Figure 5.9: Diagram of the discrete surface-bound transformation, showing the dewarped s — n grid over the airfoil surface

The Jacobian of this transformation is not calculated, since the derivatives of the flow field are not used
in this report.
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5.3.4. Statistics

Based on the 1000 vector fields, time-series statistics can be calculated. Specifically, the mean  in
both directions, the standard deviation ¢ in both directions, the backflow coefficient +,,, based on the
dewarped field and the Reynolds stresses R,., R., and R,,. These quantities are calculated for each
single data point z; in vector field i, across all vector fields with N = 1000. The resulting output is a
single vector field for each component (e.g. the mean generates a mean u field and a mean v field
where z; can take both wu; or v; as an input). Note that for all of these, ¢ indicates the index along the
time series for a single point in the vector field. These operations are applied to all points on the vector
field, meaning the result is a new vector field.

The mean is calculated as the arithmetic mean, which, if the size of the dataset NV is known, is calculated
as in Equation 5.3.

1 &
/‘:N;zi (53)

The fluctuations can be characterised by the standard deviation shown in Equation 5.4, which shows
a form with and without dependency on the mean.
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Assuming the thousand images are a representative sample of the time series, the backflow coefficient
can be calculated as the number of datapoints that show reverse flow over the total number of data-
points N. The former is calculated by a function that is 1 when u;; is negative and 0 when positive.
Using the sign function, this is mathematically represented by Equation 5.5
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Lastly, the Reynolds stresses are derived from the fluctuating term «’ of Reynolds averaging process.
Using the notation convention mentioned in subsection 2.3.2, the formula for these are show in Equa-
tion 5.6. Note that, due to the flow field being assumed as incompressible, in this report, these quantities
represents the Reynolds stress over the density i.e. It;; = %

Ry, =uf Ry, =up; Ry, =uv? (5.6)
5.3.5. Boundary layer extraction

From the dewarped mean fields, the boundary layer can be extracted as vertical profiles of u velocity.
Typically, the boundary layer thickess can be measured by d99 Which is the point where the velocity
profiles reaches 99% of the boundary layer edge velocity. However, due to the vertical pressure gradient
around an airfoil, the value of this edge velocity becomes ambiguous as the flow outside the shear
layer is not constant across y. A quantity similar to d99 can be found by finding the value where the
shear w,, = % vanishes. The Jacobian is not necessary here, because the contribution of %ﬂ to the
vorticity is neglected, and the Jacobian for the terms with respect to n are equal to 1 (since dy = dn).
This point was determined by normalising the profile of w,, along y by its maximum absolute value for
each x-coordinate in a dewarped velocity field, which results in a vorticity field with locally normalised
vorticities. A function for finding isolines is then used to find a continuous line in this normalised vorticity
field where the vorticy is at a certain threshold. Since finding 0 did not give reliable results, this threshold
was set at 4% of the maximum shear. This generates a continuous line indicating the height of the shear
layer 4., (not to be confused with the vorticity thickness). Although this ¢,, will not necessarily be equal
to dg9, these values are still strongly related. Furthermore, the purpose of quantification in this thesis
primarily for purposes of comparison, so the actual quantities are less significant.
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5.3.6. Drag estimation

The drag can be directly derived from a velocity field based on a control volume analysis on the momen-
tum. Assuming uniform inflow, and a control volume boundary far away enough from the trailing edge
of the airfoil (measured as x,.s ), the drag calculation becomes only a function of the velocity profile at
the control volume boundary. The time-averaged drag per unit span is normally given by Equation 5.7
[85] [86], where u.(y) is the x-component of the velocity profile at the aft control volume boundary (i.e.
the wake profile), and «a, b are the upper and lower y-bounds of the control volume.

, b
D :p/ Uoo(Uoo _ﬂe(y))dy (5.7)

However, the limited field of view was unable to capture the far-field of the airfoil, or the external stream-
lines towards the free stream, violating the assumptions of the equation above. As a result, this calcu-
lation would not converge to a constant drag value with increasing z,,... More consistent behaviour
was found when simply calculating the total amount of momentum per unit span exiting the control
volume behind the trailing edge, called 11, calculated with Equation 5.8. Since the drag is equal to
the difference between momentum inflow and outflow, this serves as an indicator for drag, i.e. higher
momentum outflow means lower drag. As mentioned, the purpose of these parameters is comparison,
which this method will fulfil. The comparison is valid if « and b are kept constant, across comparisons
which is the case for a constant (z/c),r00. @and constant FoV.

b
Myake = p/ ﬂe(y>2dy (58)

5.4. Baseline measurements
This section will give an concise overview of the airfoil separation characteristics based on PIV and
pressure measurements.

5.4.1. Characteristics of the flow field

Flow separation can be observed in various levels in the flowfield. Below are 3 examples at different
angles of attack for a single flow velocity to highlight this, at 8, 12 and 18 degrees. Figure 5.10 shows
various scalar fields of the region of flow on the aft part of the airfoil, and behind it.

From Figure 5.10b, it can be observed the boundary layer is indeed a turbulent one, due to the strong
fluctuations in velocity near the airfoil. At the trailing edge, the boundary layer shows rapid growth into
a primitive of separation, although neither Figure 5.10c nor Figure 5.10d show any signs of separation.
This absence of separation is consistent with the pressure measurements.

Figure 5.11, on the other hand, shows more signficiant evidence of separation. All figures show the
rapid boundary layer growth when separation sets in. Figure 5.11c and d show the clear presence of
separation, in both the flow reversal near the surface starting from roughly z/¢ = 0.6, as well as the
significant respective downward flow at the aft side of the separation region. Figure 5.11b shows, in
line with the findings of Simpson [41] (see Figure 2.14), that the separation region both aggravates
the velocity fluctuations as well as raises them away from the surface, leaving a weakly fluctuating
recirculation region underneath.

Lastly, Figure 5.12 shows similar results to 12 degrees, but the airfoil is now in full separation. The
reverse flow region extends almost beyond the FoV, spanning almost the entire aft part of the airfoil.
Figure 5.12b shows how the fluctuations are carried far from the surface, over the separation region,
as well as the subsequent breakdown of the wake into turbulence in the far-field.

The kirigami height was measured to be 1.4mm, meaning that any flow phenomena around the kirigami
are most likely not observable. As such, the question whether these function as a vortex generator are
hard to answer based on the flow near the kirigami alone.

5.4.2. Pressure
The pressure distributions for the airfoil is shown below, in Figure 5.13. The pressure distribution con-
sists of a sharp suction peak at the leading edge, with a subsequent sharp drop and a secondary
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minimum shortly after, which then recovers through another adverse pressure gradient toward the trail-
ing edge. This is also consistent with both the simulated and measured the pressure distribution shown
in Suryadi & Herr [79] (see Figure 5.2), which also uses a DU96 with boundary layer tripping.

At the trailing edge of the airfoil, the onset of separation can be clearly observed, through the stagnation
of the pressure gradient without achieving full recovery, which is highly characteristic of trailing edge
separation. From 6 to 10 degrees, the pressure appears to fully recover to freestream with no indication
of trailing edge separation. For the lowest Reynolds number at 6° however, a slight drop in pressure
is seen in the middle of the pressure gradient. This could be indicative of a laminar separation bubble,
meaning that the flow has not fully transitioned at the leading edge at this Reynolds number. This
pressure change disappears for the higher Reynolds numbers. At 12 degrees, the onset of trailing
edge separation suddenly appears, with a ZPG starting at around z /¢ = 0.6. This gradually progresses
to z/c = 0.4 at 20 degrees.

For lower angles of attack, the pressure has a strong overlap between all Reynolds numbers. For the
higher angles of attack, some difference is observed between different Reynolds numbers. At 18 and
20 degrees, steeper pressure gradients are found for higher Reynolds numbers resulting in a slightly
earlier onset of the ZPG region.

Furthermore, the steeper part of the gradient resides on top of the kirigami for the low angles of attack.
At 12 and 14 degrees, the kirigami aligns with the onset of the ZPG region. The kirigami is fully in the
separated ZPG region for 16 degrees and onward.
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Figure 5.13: Airfoil suction side pressure distribution for angles of attack from 6° to 20° without kirigami. Dashed lines indicate
the start and endpoint of where the kirigami device would be placed on the surface
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Figure 5.10: Contour fields of the DU96 airfoil at o = 8°, Re = 1.32 x 10, showing a) |@| mean, b) || standard deviation c)
us (X in dewarped space) and d) u,, (y in dewarped space)
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Figure 5.11: Contour fields of the DU96 airfoil at o = 12°, Re = 1.32 x 10°, showing a) |z| mean, b) |@| standard deviation c)
us mean and d) u,, mean
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Figure 5.12: Contour fields of the DU96 airfoil at o = 18°, Re = 1.32 x 10°, showing a) |@| mean, b) || standard deviation c)
us mean and d) u,, mean
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5.4.3. Scaling parameters

To encapsulate a reasonable parameter space, the angle of attack and tunnel velocity were varied.
In turn, this both changes the pressure gradient (see previous section), the Reynolds number (and
therefore the boundary layer thickness), and the separation point. Clarifying what conditions the kirigami
is operating in will aid in determining the effect of the kirigami on the flow. Since flow control devices
are typically characterised with respect to baseline parameters, here too, the characterisation will be
done with respect to the clean airfoil flow measurements.

Through laser scans, it was known that the centreline height of the kirigami on the airfoil surface is, on
average, 1.4mm. With this, the h/0 of the device can be determined. The ¢ used here is the clean shear
layer thickness (see subsection 5.3.5) measured at the end of the kirigami device. This is plotted for
each angle of attack in Figure 5.14.
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Figure 5.14: Relative kirigami device height measured at z/c = 0.6 with h = 1.4mm

The range of h/§ evidently varies between 0.05 to 0.25. The size of the shear layer naturally increases
for higher angles of attack, as the onset of separation, and separation itself results in rapid boundary
layer growth [40]. It appears that the kirigami device operates in the height scale range of sub-scale
vortex generators for 6 to 12 degrees, which is between h/é = 0.1 — 0.3 [8].

However, the variation with Reynolds number is practically non-existent, which means the experimental
conditions only significantly varied with angle of attack, which effectively captures a smaller parame-
ter space. The thickness of a turbulent boundary layer typically grows with § ~ Re™s [33]. With the
limitations of the tunnel used (U,, = 10 — 30 m/s), the Reynolds number could not be varied enough
to obtain a sufficient range of boundary layer thicknesses, as this scaling relation would result in a
thickness variation of approximately 25%.

It is noteworthy that the boundary layer thickness could not be accurately determined for all cases,
resulting in some outliers. As a result, only a few results are available for 16 to 20 degrees. At these
angles of attack, the separation region is so large that the edge of the shear layer moves outside the
top edge of the FOV, meaning the actual location of the edge cannot be determined.

The separaration point is determined at the point of transitory detachment 2mm above the surface (sim-
ilar methodology as Simpson [41]). This plot against angle of attack can be found for various Reynolds
numbers in Figure 5.15.

It appears that for 6 and 8 degrees, no separation occurs. At 10 degrees, separation rapidly grows, and
slowly stagnates after 12 degrees. The separation point is in closest proximity to the kirigami device
at 12 degrees, followed by 14 and 16 degrees. This also matches the locations at which the pressure
gradient flattens off.

Due to the size of the separation region, being too small at 10 degrees, the lack of PIV resolution results
in large variation in the separation point across Reynolds numbers. Furthermore, at 18 degrees and 20
degrees, the separation point moves too far upstream across the edge of the FoV, which also results in
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Figure 5.15: Transitory detachment point on the clean airfoil surface with angle of attack. Dashed lines indicate kirigami bounds

outliers in that region. Some of the most extreme, unphysical outliers were removed from the plot. With
that said, in line with the invariance over Reynolds number of the boundary layer thickness, the clean
surface separation point also shows a limited degree of the same variation across 12 to 16 degrees.
The behaviour of the separation on the DU96 is characteristic of that of trailing edge separation, proving
its worth as a testing platform for trailing-edge separation control. The next section will show how the
kirigami has affected the separation characteristics.

5.5. Separation control effectiveness

In this section, the effect of the presence of kirigami on the airfoil surface is characterised, both through
measurement of some characteristic parameters, as well as a closer analysis of the separation region
for cases of interest. The kirigami on the airfoil was tested under a wide range of conditions, varying
in angle of attack and flow velocity. An overview will follow that quantifies various properties of the
separation region, with the goal to investigate how these conditions affect the separation of the airfoil
with and without kirigami.

To characterise the separation region, several parameters are used to identify the size of the shear layer,
of the reverse flow region and of the reverse flow intensity. All are expected to grow with more intense
separation. The first two parameters are the height of the shear layer edge §,, above the surface (i.e. in
the direction of n in the wall-attached coordinate system), and the height of the detachment line (i.e. the
isoline where the backflow coefficient ~,,, = 0.5). These are measured at the centre of the separation
region, which is defined as half-way in between the separation point (v,, = 0.5) and the trailing edge.
Furthermore, the reverse flow intensity here is measured as the maximum reverse flow magnitude,
and is zero otherwise to indicate the absence of separation. A comparison of the separation points
have also been included. The cases at 20 degrees angle of attack have been excluded, as the size of
the separation region extended far beyond the field, making it difficult to determine various properties.
Moreover, its relative results with and without kirigami are expected to be similar to that of 18 degrees,
considering the kirigami is fully immersed into the separated flow.

5.5.1. Separation region size

Figure 5.16 shows both the shear layer height and separation line height at the chordwise mid-point of
the separation region for a single Reynolds number to study as an example.

Three regimes of angle of attack can be distinguished from these findings: low, medium and high.
The separation region and shear layer are aggravated by the kirigami for low angles of attack. (6 to
10). Since 6 and 8 do not show any form of separation before this, the kirgami has directly instigated
separation. This is in line with the literature findings of kirigami flow control, where kirigami increases
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Figure 5.16: Height of the shear layer and separation region measured half-way inside the separation region at
Re =1.98 x 10°

separation and the size of the wake [22].

For 12 degrees and 14 degrees, however, a noticeable reduction is observed in the size of the sepa-
ration region and the shear layer for both forms of kirigami. Triangular kirigami appears more effective
in inhibiting the separation region at 12 degrees, whereas circular shows the biggest reduction at 14
degrees, for both the separation region as well as the shear layer. It appears that the height scale of
the kirigami at % ~ 0.08 to 0.12 is enough to affect the separation region in a favourable way.

At 16 degrees (% ~ 0.07), these differences reduce as it approaches the high angle of attack regime.
However, it still has an effect, with a slight reduction in the height of the separation region for circular
kirigami. This is the height scale that matches the scale in roughness literature where adverse effects on
separation were measured [69]. In the present research, the effects at this height are either favourable
or unchanging, indicating that the kirigami is not functioning as a conventional roughness at these
height scales.

For high angles of attack (beyond 18), the differences observed in the shear layer is completely di-
minished, which indicates that the scale of the kirigami is simply too small to influence the separation
region at % ~ 0.05.

5.5.2. Flow reversal

The reduction in separation is also exemplified in the intensity of the reverse flow for the same reynolds
number, shown in Figure 5.17.

The reverse flow is significantly reduced at 12 and 14 degrees for both triangular and circular kirigami.
At this Reynolds number, they appear to be of similar effectivity. The maximum reduction is observed for
circular kirigami at 14 degrees, which amounts to a 25% reduction in reverse flow velocity. This general
separation control efficacy of the kirigami at these angles of attack could be attributed to enhanced
mixing in the form of momentum being transported towards the wall due to the kirigami working as
vortex generators. Further analysis will point out whether this is the the exact working principle of the
kirigami.

Consistent with the previous findings, the separation is also strongly aggravated at low angles of at-
tack (8 to 10), with an extremely large relative reverse flow measured at these angles of attack. This
might indicate that the kirigami causes a momentum deficit leading to flow reversal, which matches the
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Figure 5.17: Maximum reverse flow magnitude in the separation region at Re = 1.98 x 10°

behaviour of roughness in turbulent separation [69] (see section 2.7).

5.5.3. Effect on drag

The reduction in flow reversal is indicative of reduced drag, but in order to properly quantify whether this
is the case, one needs to look at the momentum change in the wake, which is determined as described
in subsection 5.3.6.

Owing to the reduction in flow reversal, the drag has been substantially reduced for 12 and 14 degrees.
For 14 degrees, the circular kirigami has resulted in roughly 7% more momentum outflow in the wake.
This result is expected considering the significant reduction in reverse flow that was found for these
angles of attack in Figure 5.17. These findings are consistent with those in the previous sections, which
established separation was reduced for these cases. The reduction in both the size of the separation
region and the intensity of the reverse flow are indicators of a reduced momentum deficit downstream,
which in turn indicates a reduction in drag.

5.5.4. Detachment point

This section shows the change in separation point when kirigami is applied for a specific Reynolds
number, building upon the clean measurements in Figure 5.15.

Consistent with the findings in separation region size, at low angles of attack, the detachment point
moves forward significantly under the influence of kirigami. From this low angle of attack onward, the
detachment point moves much more gradually upstream than the clean case as angle of attack is in-
creased. The circular kirigami has a much more prounced effect at these low angles than the triangular
kirigami. At 12 and 14 degrees, where separation reduction was observed in other metrics, the separa-
tion point expectedly moves aft of the clean case. At 12 degrees, the triangular case is more effective
in doing so, despite the circular also showing reduced separation in previous data. This effect reverses
for 14 degrees.

It appears there is some tendency towards separation reduction if the clean separation point is located
either within the kirigami or just upstream of it. The kirigami also seems unaffected when the separation
point is further upstream. Only at a point just near the starting edge does the kirigami delay separation.
This shows that it is less likely that the kirigami functions as vortex generators, since mixing happens
aft of a VG, and therefore the separation could only be controlled if the separation point was located
behind the kirigami. The fact that kirigami aggravates separation only if the separation point is behind
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Figure 5.18: Momentum outflow at the wake boundary at Re = 1.98 x 10°

it reinforces the hypothesis that kirigami causes a momentum deficit at this large of an h/é.

Instead, considering that separation seems to only be reduced when the separation point is just ahead
of the kirigami could signify that the kirigami functions as a ’hump’ in the flow. If the kirigami causes
enough blockage for the flow, the streamlines would need to curve over the top, similar to a solid
hump. Consider the example of a Gaussian bump. Experimental and numerical pressure data of such
a surface geometry from literature is shown in Figure 5.20 [87]. After a gentle pressure rise upstream
of the bump due to the upward curvature of the streamlines, a strongly favourable pressure gradient
exists on the front part of the bump in anticipation of the suction peak. Since separation is driven by
a combination of wall shear stress and an adverse pressure gradient, this suction peak may briefly
override the adverse pressure gradient and delay an early onset of separation. With sufficient blockage
of the kirigami, a similar effect could happen just upstream, as shown in Figure 5.21. The proposed
mechanism is that the kirigami creates an equivalent displacement body that functions as a hump,
leading to convex streamline curvature and a favourable pressure gradient at the leading edge of the
kirigami device. The subsequent strong adverse pressure gradient downstream of that that would also
then contribute to earlier separation if the separation point were further downstream of the kirigami.
This effect would also explain the difference between the circular and triangular kirigami. Figure 4.1
shows that the circular shape has a larger area than the undeployed triangular shape, resulting in more
frontal area when deployed and thus more blockage for the circular device than the triangular one, and
as aresult, a larger pressure gradient. This would also explain the increased effect that circular kirigami
has on the separation at low angles of attack (if the kirigami were functioning as a roughness), with a
larger area indicating a larger momentum deficit. The shape of the kirigami will also influence the wake
that is shed off each element, but more detailed studies are required to determine the properties of
these, as well as their exact effects.

A local favourable pressure gradient might explain why separation control occurs for a detachment
point upstream of the kirigami, but this same theory would imply an amplified adverse pressure gradi-
ent over the rest of the kirigami geometry. This, in turn, fails to explain the reduction of separation for
a more aft detachment point. An explanation for the latter effect could emerge from studying the flow
directly around the kirigami. This is where the ’roller-bearing’ effect mentioned by Howard & Goodman
[72] could come in, reducing shear stress and delaying separation. This effect is also illustrated in Fig-
ure 5.21. The kirigami elements are thin, hollow surfaces, meaning they are likely to generate a wake
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Figure 5.19: Transitory detachment point measured 2mm above the surface at Re = 1.98 x 10°

with recirculation as demonstrated in the image, which is similar to the effect of spanwise grooves. The
proposed mechanism, as Howard & Goodman discusses, is that the grooves "obviate the usual no-slip,
boundary condition” [72], through the exchange of larger separation regions with smaller ones. This
means the flow velocity of the displacement body in Figure 5.21 has a non-zero velocity due to the re-
circulation, rather than a zero-slip boundary condition, which alleviates shear stresses at this boundary.
Since these are one of the driving forces for separation, this should lead to a delay in separation.
Further analysis should point out whether this is the actual working mechanism of kirigami. However,
with the current size of interrogation window being around 0.91mm/window, and a kirigami height of
1.4mm, the PIV resolution in the present research is insufficient to make any judgments on this.

5.5.5. Variation with Reynolds numbers

The kirigami was measured at four other Reynolds numbers. For brevity, these plots have been moved
to Appendix A. The behaviour of the separation under the influence of kirigami for these Reynolds
number varies somewhat, but not in any way that significantly affects the conclusions. For the sepa-
ration region size, The trend of enhanced size at low angles of attack, and reduced size at medium
angles of attack is continued. The reverse flow enhancement for low angles of attack is reduced for
lower Reynolds numbers, but significantly increased for higher Reynolds numbers. The reverse flow
reduction is more significant at lower Reynolds numbers, and gives mixed results for higher Reynolds
numbers. However, an increase in momentum in the wake is still observed across the board for medium
angles of attack. The most significant separation reduction in these cases is observed for 12 degrees
angle of attack at a Reynolds number of 1.32 x 10°.
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Figure 5.20: Example of an experimental and numerical pressure distribution of a flow over a bump. The Gaussian bump
geometry is shown below the pressure figure (NB that the x axis locations do not align with the figure above). Data taken from
Uzun & Malik [87]
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Figure 5.21: Diagram of the hypothesised mean flow around the kirigami, showing both the proposed hump effect and the
roller-bearing effect

5.6. Controlled separation properties

Based on the last section, two example cases of interest are identified to investigate further. One at
a = 12°, Re = 1.32 x 10°, and one at a = 14°, Re = 1.98 x 10°. These two cases exhibited the most
significant change in separation under the influence of Kirigami.

5.6.1. Separation control effect on pressure

To investigate how the kirigami and the resulting change in the separation region has affected pressure,
the pressure distributions are plotted for a select pair of cases in Figure 5.22. The pressure measure-
ments for Re = 1.98 x 10° were unavailable. Instead, the 14 degree angle of attack case is plotted at
the same reynolds number as the 12 degree case, since these showed relatively similar results. Some
filtering of extreme outliers was also applied to the circular and triangular case, leading to some missing
points.

The first observation is that the pressure curve for triangular kirigami shows some significant anomalies
near the suction peak. The suction peak, as well as part of the region behind it, seems to have been
shifted down, and recovers sharply at about 0.3c. This behaviour is untypical and most likely cannot be
attributed to physical effects. It is more likely that this is due to improper zeroing of the pressure probes,
so these points should be disregarded.

There is little difference between the clean case and the case with kirigami. For the case at 14 degrees,
a minor delay can be seen in the point where the pressure gradient reaches zero, although this effect
is quite subtle. This is complemented by a modest increase in the suction peak, which confirms a
delay in separation, although more measurements should be done to confirm this effect. More detailed
measurements are needed to obtain information about the pressure effects near the kirigami device
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Figure 5.22: Comparison of suction side pressure distributions for a) a = 12° and b) o = 14° , both at Re = 1.32 x 10°

that might affect separation. This could take the form of probe measurements right above the kirigami
on a larger scale, zero pressure gradient experiment.

There is also a region of pressure recovery just behind the triangular kirigami. If this could be attributed
to the kirigami, it would have also appeared for the circular kirigami. This means this is more likely
to be an error with the zeroing of the pressure probes, considering that various probes were already
excluded for triangular kirigami as significant outliers.

The pressure measurements near the kirigami show no change compared to the baseline, meaning
there is no evidence that the kirigami functions as a blockage that modifies the pressure gradient.
Although the resolution of the measurements is not large enough to draw any final conclusions, as well
as the kirigami being on top of some of the probes, it cannot be concluded that the kirigami has an
effect on the pressure gradient.

5.6.2. Separation region profiles

Figure 5.23 and Figure 5.24 show the mean velocity profile in s-direction (along the surface) for the
cases mentioned above.

Both cases clearly show a reduction in separation. This is characterised by the simultaneous effect of
the thinning of the shear layer and the reduction in reverse flow velocity. The effect of reduced flow
reversal is more pronounced for the 12 degree case, whereas the effect of boundary layer thinning is
more pronounced for the 14 degree case. Both of these effects persist over the entire surface.

Both Figure 2.19[51] and Figure 2.15[47] show that the primary mechanism of vortex generators in-
volves moving momentum closer to the wall and will therefore result in less momentum away from the
wall and thus a change in the shape of the velocity profile. In the abovementioned figures, no vertical
displacement of horizontal momentum is observed, only a downscaling of the profile in both the mo-
mentum profiles. This shows that the separation control mechanism most likely cannot be attributed to
the kirigami functioning as vortex generators and enhancing mixing through macro-scale vortices.
Furthermore, these figures show the difference between circular and triangular kirigami much more
clearly. Of particular interest is the fact that at 12 degrees, the separation region is reduced more by
the triangular kirigami, whereas for 14 degrees, the circular kirigami is more effective. With this in mind,
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Figure 5.23: Mean velocity profiles of the separation region for o = 12° at Re = 1.32 x 10°. Dashed lines indicate
us/us,ref = 0 for each profile. u, .. is a constant

it could be that multiple effects are happening simultaneously, as the same relative effectivity would be
expected from the devices. From the present data, it is unclear which effects are responsible for this,
and how they interact.

To investigate the possibility of the enhancement of turbulent mixing, one can investigate the Reynolds
stresses. To get an indication of how the turbulent shear layer in the separation region develops over
the airfoil, a similar profile plot as above is created, but for the R/, . Note that this R/, is calculated in
the dewarped reference frame. However, this still allows for a valid comparison on vertical profiles, as
the angle of rotation applied by the non-linear transformation is constant along the n-vector. Both cases
are plotted in Figure 5.25 and Figure 5.26

For both profiles, the kirigami has significantly decreased the R/, and also narrowed the turbulent
layer. Despite R;y figures being omitted, similar results were found. This is indicative of decreased
mixing, which conflicts with the hypothesis that turbulent mixing is enhanced. On the other hand, this is
also consistent with the general properties of a turbulent separation region: a larger separation region
is directly associated with increased Reynolds stresses. This multifaceted influence of controlled sep-
aration on Reynolds stresses and the resulting ambiguous causality makes it hard to distinguish the
influence of Reynolds stresses on separation control.

Lastly, the R}, is of interest due to its contribution to the momentum balance (see Equation 2.9). This
is shown in Figure 5.27.

As apparent, the data in R, is of insufficent quality to make proper judgments on. This is potentially
due to the statistics around this quantity not having fully resolved. This also makes it difficult to analyse
the momentum and turbulence production and transport terms. In the future, the Reynolds stresses
should be measured using more datapoints in the velocity signal.
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Figure 5.24: Mean velocity profiles of the separation region for o = 14° at Re = 1.98 x 10°.
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Figure 5.26: Mean xx Reynolds stress in profiles of the separation region for o = 14° at Re = 1.98 x 10°. Dashed lines
indicate Ryx/Ryq,rer = 0 for each profile. R, s is a constant
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Figure 5.27: Mean xy Reynolds stress in profiles of the separation region for o = 12° at Re = 1.32 x 10°. Dashed lines
indicate Ryy/Ryy,rer = 0 for each profile. Ry, ..y is a constant
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5.6.3. Effect on separation region shape and intermittency

The literature has established a relation between the backflow and upstream momentum transport. In
the absence of detailed frequency measurements, these can be characterised by the backflow coeffi-
cient. Figure 5.28 and Figure 5.29 show the isolines for ,,, = 0.99, 0.8, 0.5, indicating ID, ITD and TD,
as well as the mean flow reversal (detachment) boundary (isoline for w; = 0).
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Figure 5.28: Backflow coefficient isolines for o = 12° at Re = 1.32 x 10° showing a) ypv = 0.5 (TD) with s = 0, b) 7y, = 0.8
(ITD), ¢) vpu = 0.99 (ID)

Both cases show a reduction in the size of the separation region due to the reduction in backflow. The
transitory detachment regions also clearly show the change in the point of detachment. Furthermore,
a strong overlap between the detachment region and the transitory detachment point emerges. The
kirigami has different effects on the separation region shape for 12 degrees versus 14 degrees: at 12
degrees, the difference between the ITD and ID region of the clean case and the case with kirigami
increases towards the trailing edge, whereas the difference stays more constant for the 14 degree case.
This effect is observed in spite of the fact that the point of ID and ITD do not appear to move significantly
under the presence of kirigami. Since the rapid growth of the boundary layer thickness is associated
with the region between ID and ITD [40], it could be that the kirigami is interacting with the backflow
near the surface. A reduction in backflow was also found in separation control research in shark skins
(see section 2.6). In their study on actuating shark skin denticles, Lang et al. similarly attributed the
reduction in separation and backflow to increased resistance to backflow in the separation onset due
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Figure 5.29: Backflow coefficient isolines for a = 14° at Re = 1.98 x 103 showing a) vp,, = 0.5 with s = 0, b) v, = 0.8, €)
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to the shark scales[61].

Further evidence for this is the fact that the height scale of the kirigami at this angle of attack and
Reynolds number (h/6 ~ 0.12) is within the height of peak backflow at the onset of separation (see
Figure 2.13b)[41]. It could be hypothesised that kirigami disrupts the turbulent structures responsible
for the backflow in the separated region [40]. This would also provide further insight on the inhibited
growth rate of the separation region at 12 degrees angle of attack. However, the present PIV results
are incapable of measuring boundary layer details of this size, and also cannot capture the flow near
the kirigami due to visual obstruction, so this cannot be further verified with the available data.

The same difference in separation reduction effectiveness between device shapes is also observed in
these figures: triangular is more effective at 12 degrees angle of attack, circular is more effective at
14 degrees. This makes it unclear how these shapes affect the disruption of backflow. It is plausible
that this swap in effectivity is due to an interaction between different separation reduction mechanisms,
which can serve serve as a hypothesis for future research.
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5.6.4. Uncertainty quantification

The uncertainty quantification methodology described in subsection 5.3.2 can be used to assess the
validity of the aforementioned results.

Figure 5.30 shows an example of the uncertainty velocity field in x and y, using one of the example
cases above. The uncertainty velocities are small compared to the flow, being of a magnitude less
than 1% of the freestream velocity. It appears the largest source of uncertainty in x-direction is the
turbulence in the upper shear layer of the separation region (compare with Figure 5.11b). This effect
is much lower in the y component, where the largest source of uncertainty exists in the pressure-side
wake behind the trailing edge. This wake, however, is not a factor in the quantities presented in this
chapter. Furthermore, directly at the surface, the uncertainty is higher. This is presumably due to the
reflections at the surface.
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Figure 5.30: Color plots of the velocity uncertainty for o = 12° at Re = 1.32 x 10® in FOV coordinates. Both uncertainty
components are plotted as a) u. and b) v,

To assess what effect these uncertainties have on the results, the contour lines of the mean flow field
are shown for the clean case and a case with kirigami in Figure 5.31 and Figure 5.32. Additionally the
contour plots for u+u, and ©—u, are plotted to show how the velocity magnitudes change and displace
with added uncertainty.

In Figure 5.31, the uncertainty bands for the x-component of the velocity are extremely small, and do
not influence the resulting flow field much. For the y-component, the bands are larger and more chaotic,
but the total offset is still small, and do not influence the results much since the y-component was not
used for any of the parameters calculated in section 5.5.

It was established that the controlled separation case significantly reduced fluctuations in the shear
layer. Figure 5.30 showed that these fluctuations are the primary cause of uncertainty in the flow field.
It therefore makes sense that when kirigami is applied, the uncertainty decreases, as apparent from Fig-
ure 5.32. This establishes that the change in measured separation by kirigami devices is not influenced
by uncertainty. This trend is also observed for other kirigami configurations for the cases described in
this chapter. A collection for all relevant plots for these cases can be found in Appendix B.

This insignificant effect of the uncertainty on the flow field concludes that the PIV results obtained in
this study are of sufficient quality to consider the conclusion that kirigami is able to reduce separation
to be valid.
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Conclusion

The research conducted aimed to explore whether kirigami can be used for flow control. A literature
survey gives the necessary background, based on which several research questions were posed. An
investigation was conducted into the capabilities of FEM to predict extension length of a kirigami design,
and how uniformity can be achieved. In a wind tunnel, these kirigami devices were tested on the suction
side of a DU96 airfoil. Using PIV, the separation region was measured to see how kirigami would affect
the separation.

The research performed in this thesis successfully resulted in a suitable design of a kirigami metasur-
face for the purpose of airfoil flow control. Furthermore, under some operating conditions, separation
was reduced, leading to a significant drag reduction. This lays the basis for further research into kirigami
as a flow control method. The conclusions to the research questions based on these results are given
in this chapter. Lastly, these conclusions are supported with recommendations for further steps into
kirigami research.

6.1. Kirigami design
The main research question concerning the design of kirigami was posed as follows:

What steps need to be taken to structurally design a kirigami metasurface suitable for separa-
tion control?

This question was investigated in chapter 4. The first part of this question concerned the ability of a
finite-element method shell model to simulate the deployment height of the kirigami, which can be used
to modify the scaling of the kirigami with respect to the boundary layer. A strong agreement was found
between numerical and experimental results. The FEM model was able to both predict the quantitative
height for a range of extensions, as well as predict the deployment behaviour practically one-on one.

This validation of the FEM allowed for the numerical investigation of non-uniform deployment in the form
of a triangular front in the start and end rows of the kirigami. The root cause was reasoned to be the
strong resistance to transverse buckling due to the strip, as buckling is the primary mechanism for the
deployment of the kirigami elements. A solution was implemented that involved cutting slots in the front
and aft strip of the kirigami. This alleviated the buckling stiffness in the strip, and allowed for much more
uniform deployment. Therefore, for uniform deployment, the kirigami geometry should be such that the
strip area does not restrict buckling, and rectangular strip cuts are an effective method in achieving this.

Leveraging some practical observations, a final design was made. The deployed kirigami device had to
match an approximate height, so that it matches the scale of the boundary layer. The extension curve
obtained from FEM, as well as the fact that a similar element aspect ratio was used directly translated
this required height to the required dimensions of a single kirigami element. Further considerations,
such as spanwise flow uniformity and minimising chordwise surface coverage finalised the rest of the
design.
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6.2. Separation control
The main research question concerning the design of kirigami was posed as follows:

How do tension-activated kirigami metasurfaces affect the flow separation on a DU96 airfoil in
a wind-tunnel?

This question was investigated in chapter 5. Using PIV, the turbulent, trailing-edge separation on the
airfoil was characterised. For the mean flow, the separation region was characterised using the height
of the shear layer and the reverse flow boundary at the centre of the separation region, as well as the
peak reverse mean flow velocity in the recirculation and the momentum in the wake behind the airfoil.
Three regions of angle of attack can be categorised: low, medium and high. At low angles attack, from 6
to 10 degrees, separation is significantly aggravated by the kirigami. At medium angles of attack, from
12 to 16 degrees, signs of a reduction in separation are observed. For some cases, the presence of
kirigami has resulted in a reduction in the overall size of the separation region, as well as a reduction in
backflow, which has also resulted in a reduction in drag. At large angles of attack, beyond 18 degrees,
the separation region is so large that the entire kirigami is encapsulated by the deeply separated region,
which did not lead to significant changes to the separation behaviour.

The dynamics of the kirigami were captured in the form of the backflow coefficient and the Reynolds
stresses. Reynolds stresses above the surface generally grow with increased separation and shrink
with decreased separation, and the same pattern was found on controlled separation in this experi-
ment. Although this implies that kirigami reduces turbulence, the effect of kirigami on the Reynolds
stresses could not be disconnected from their effect on the entire separation region. The backflow was
also found to be significantly reduced, but in different ways for different cases. For a detachment point
just ahead of the kirigami device, the presence of the kirigami moves the detachment point further aft,
without affecting the growth rate of the backflow region. For a detachment point located in the bounds
of the kirigami device, the growth rate of the backflow region is reduced.

As for the working principle behind kirigami, it appears that the kirigami functions as a large-scale rough-
ness at low angles of attack. The lack of separation makes for a incoming boundary layer, resulting in
a larger h/4 and therefore a larger roughness. This, in turn causes an amplified momentum deficit in
the boundary layer, which results in much earlier separation. For medium angles of attack, the flow
near the kirigami causes the separation point to move forward. This could be attributed to an effect
of pressure modification due to the kirigami serving as hump on the surface, or through internal flow
phenomena on the kirigami reducing shear stresses, such as a 'roller-blade’ effect caused by repeated
separation regions. However, due to limitations in the measurement capabilities in the experiment and
the challenges of measuring flow near the kirigami, this could not be fully verified. The existing evidence,
furthermore, provides very limited support these theories. Instead, another theory is that the kirigami
interferes with the backflow structures present between the ID and ITD point, which inhibit the rapid
growth resulting from kirigami. This corresponds with the hypothesised separation control mechanism
from other studies researching flow control through shark skin. Even though the exact separation re-
duction mechanism behind kirigami metasurfaces is hypothetical, this last hypothesis appears to be the
most promising one for the present separation control mechanism. To the extent of the author’s knowl-
edge, this proposed mechanism of blocking backflow near the surface is not studied or understood in
literature.

The difference between triangular and circular-shaped kirigami is mixed. Generally, at lower angles of
attack separation is much more aggravated by the circular kirigami than the triangular one, which is
likely to be driven by the increased frontal area of the circular kirigami devices at the same deployment
height. The triangular-shaped kirigami also reduces at 12 degrees angle of attack compared to the cir-
cular one. This effect inverts at 14 degrees, where circular kirigami reduces separation the most. This
dichotomy in effectiveness is cause to believe multiple effects are driving the reduction in separation,
whose interaction should be kept in mind for future studies.

The relative scale of the of the kirigami devices varied between h/§ = 0.05 and 0.25, being primarily
a function of angle of attack. For the lower to medium angles of attack, this is similar to the scale of
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micro-vortex generators. However, due to their mode of operation, it is more akin to a large roughness.
The low angles of attack appear to operate as a ’fully rough’ profile, where the large angles of attack
operate as ’hydraulically smooth’. Typically, these roughness flows scale with the roughness Reynolds
number £k = ’“# which could not be determined in the present research. Although k7 is typically a
more appropriate scaling factor in these regimes than / /4§, the h/4 still served as an informative metric
of how much influence the kirigami has on the separation region. For high //4, the kirigami significantly
enhanced separation. For the medium angles of attack, some separation reduction was found, down
to a h/d of 0.07, where its effects diminish more. Similar scales in literature have also been found to
influence separation. Below 0.07, the kirigami no longer has an influence on the separation region and
is fully immersed.

The resulting separation reduction also influences the lift & drag on the airfoil. For the reduced separa-
tion cases, reverse flow was reduced, and as a result, the momentum deficit in the wake was reduced.
The largest reduction occurred for 14 degrees angle of attack at Re = 1.98 x 10° for circular-shaped
kirigami, with up to 7% more momentum in the week, which means a significant drag reduction. Addi-
tionally, a minimal recovery of lift was found in the pressure distribution for the 14 degree case, where
separation delay occurred. For other cases with controlled separation, no significant changes in lift
were observed.

6.3. Recommendations

Although it was successfully shown that kirigami is capable of reducing the turbulent separation on an
airfoil, some of the research questions did not result in a conclusive answer as to what the exact mech-
anism is, and what a potential optimisation of this flow control method would look like. It is prudent for
the progress of this field to identify these characteristics, to enable more targeted approaches.

Future experimental research should attempt to investigate the flow nearby the kirigami using more
detailed pressure measurements, and more detailed velocity field measurements nearby the kirigami.
These will be able to further explain what the flow control mechanism of kirigami is. Toward the separa-
tion control mechanism of kirigami, several hypotheses were posed. However, one that was mentioned
in other literature into separation control was that of the inhibition of the backflow near the surface. This
has been proposed as a hypothesis but is not studied as a passive control mechanism in literature.
Further testing should be done as to the validity of this hypothesis, as this could reveal a valuable
knowledge gap in the field of passive turbulent separation control. It is furthermore useful to measure
the reference boundary layer profile in more detail, particularly the viscous sublayer and a potential
roughness defect layer, (and with that, the w..) as these give more information on the momentum deficit
caused by the kirigami, as well as allow for roughness scaling methods of the kirigami height. This inves-
tigation into the kirigami operating as a roughness that aggravates separation is of equal significance,
because a successful control strategy involves mitigating this adverse effect on top of enhancing the
separation-reducing effects.

Another aspect that could contribute to kirigami separation control that was not highlighted in this thesis
is that of 3D effects, as the nature of the experiment was inherently 2D. Turbulent separation has been
said to exhibit 3D flow structures, and there is the potential for these effects to play a role in what is
happening.

Considering an airfoil restricts the experiment to a specific set of pressure distributions, which are
closely coupled to the boundary layer thickness, it is beneficial to also perform similar experiments in
more controlled environments, where the user has more freedom in selecting the pressure gradient, as
well as control the boundary layer thickness.

Alternatively, to circumvent some of the challenges involved in a wind tunnel experiment, such as op-
tical access to the flow near a kirigami device, numerical methods can be used. Although the ability
of CFD to predict turbulent separation is somewhat limited, recent advancements in the field of LES
provide the opportunity for more accurate simulations. These numerical methods can be used to study
the flow effects of kirigami in superior detail and smaller scales.
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Based on this experiment, it appears the applications for kirigami on airfoils are as of yet limited, since
the typical design goal for an airfoil is not only to delay stall and improve lift, but also to have the ability
to operate in a large range of different conditions, based on inflow. Although there is potential for this,
further, more practically-oriented research is needed to enable research into how kirigami can be used
to enhance lift over airfoils. Instead, a more interesting application could be that of bluff bodies. Various
sources in the literature survey in this thesis have investigated methods of drag reduction over bluff
bodies, and kirigami has the potential to make significant contributions to this field.
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Figure A.1: Maximum reverse flow magnitude in the separation bubble at a) Re = 1.32 x 10, b) Re = 2.64 x 105, c)
Re = 3.30 x 10%, and d) Re = 3.96 x 10°
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Figure A.2: Height of the shear layer and separation bubble measured half-way inside the separation bubble a)
Re = 1.32 x 10%, b) Re = 2.64 x 10%, ¢) Re = 3.30 x 10°, and d) Re = 3.96 x 10°
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Figure A.3: Momentum outflow at the wake boundary at a) Re = 1.32 x 10%, b) Re = 2.64 x 10°, ¢) Re = 3.30 x 10%, and d)
Re = 3.96 x 10°
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Figure A.4: Detachment point for different angles of attack at a) Re = 1.32 x 10°, b) Re = 2.64 x 10°, ¢) Re = 3.30 x 107,

and d) Re =

3.96 x 10°



Uncertainty quantification -
supplementary plots

B.1. Clean configuration color plots
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Figure B.1: Color plots of the velocity uncertainty for o = 12° at Re = 1.32 x 10° in FOV coordinates. Both uncertainty
components are plotted as a) u. and b) v,

93



B.2. Uncertainty bounds contour plots - all cases 94

a)

-50 0 50 100

0 0-2 T 08 0 0.2 0.4 0.6 0.8
Ueo/Uoo %] v U [%]
Co o0

Figure B.2: Color plots of the velocity uncertainty for o = 14° at Re = 1.98 x 10° in FOV coordinates. Both uncertainty
components are plotted as a) u. and b) v,

B.2. Uncertainty bounds contour plots - all cases



B.2. Uncertainty bounds contour plots - all cases
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Figure B.3: Contour plot of the mean flow components with uncertainty bounds a = 12° at Re = 1.32 x 105, clean
configuration. The uncertainty components are plotted in @) u. b) v,
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Figure B.4: Contour plot of the mean flow components with uncertainty bounds o = 12° at Re = 1.32 x 105, circular
configuration. The uncertainty components are plotted in a) u. b) v



B.2. Uncertainty bounds contour plots - all cases
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Figure B.5: Contour plot of the mean flow components with uncertainty bounds a = 14° at Re = 1.98 x 105, triangular
kirigami configuration. The uncertainty components are plotted in a) u. b) v,
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Figure B.6: Contour plot of the mean flow components with uncertainty bounds a = 14° at Re = 1.98 x 105, clean
configuration. The uncertainty components are plotted in a) u. b) v



B.2. Uncertainty bounds contour plots - all cases
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Figure B.7: Contour plot of the mean flow components with uncertainty bounds a = 14° at Re = 1.98 x 105, triangular
kirigami configuration. The uncertainty components are plotted in a) u. b) v,
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Figure B.8: Contour plot of the mean flow components with uncertainty bounds o = 14° at Re = 1.98 x 105, triangular
kirigami configuration. The uncertainty components are plotted in a) u. b) v
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